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ABSTRACT
This is a report on measurements of the noneXastic cross 
sections of lead 206 and lead 208 for 14 MeV neutrons using 
the sphere transmission technique. These measurements were 
performed in order to test the validity of the results of 
the calculations on the radii of these isotopes from the 
one-body theory of alpha decay.
Prom the systematics of alpha decay it is found that 
a large difference in half-life occurs between the two iso­
topes of polonium, Po 210 and Po 212. Calculations of the 
daughter radii (Pb 206 and Pb 208) from the one-body theory 
of alpha decay predict a difference in radii of about eight 
(8) per cent or a difference in cross section of about 
eighteen (18) per cent.
Recently, a more realistic treatment of alpha decay 
by Mang, based upon the shell model, yielded the observed 
half-life variations without requiring a difference in the 
radii of the two isotopes.
The nonelastic cross section measurements were made 
on ordinary lead (Pb 204, 1.4*; Pb 206, 25.2*; Pb 207, 21.7*; 
Pb 208, 51.7*) and radiolead (Pb 204, 0.08*; Pb 206, 88.25*; 
Pb 207, 8.78*; Pb 208, 2.92*). The nonelastic cross sections
ix
measured for the ordinary lead and radiolead are, respec­
tively, 2.53^.05 and 2.50^.04 barns. Prom these results 
the cross sections of lead 206 and 208 were computed and 
yielded a cross section difference of 3.2j£4.0 per cent.
CHAPTER I
INTRODUCTION
The study of alpha decay Is important because of the 
insight which it affords into the nuclear structure of the 
heavy elements. It is possible to gain information on 
nuclear structure by considering the decay constants in 
terms of quantities which are obtained from the quantum 
mechanical explanation of the alpha decay process.
The alpha-emitters of interest, as concerns this work, 
are the even-even alpha-emitters, primarily the isotopes 
of polonium. Table I gives the half-life, alpha particle 
energy, and daughter for the polonium isotopes.^
Graphs of the half-life versus energy for the even-even 
n u c l e i 2  show that of the known even-even alpha-emitters, only 
Po 210, Po 208, Po 206, and Po 204 fall sharply out of line 
with the others. Table I shows that an abrupt change occurs 
between Po 212 and Po 210.
■^S. Flugge, "Nuclear Reactions III," Encyclopedia of 
Physics (Berlin: Springer Verlag, 1957)* XLII, 1$3-15b.
2I. Perlman, A. Ghlorso, and G. T. Seaborg, "Systematlcs 
of Alpha-Radioactivity," The Physical Review, UCXVII (1950),
1.
1
In 1928, Oamow^ and, independently, Condon and Gurney** 
made use of quantum mechanics to explain the tremendous var­
iation of alpha decay half-lives with small variations in the 
alpha particle energy* Further refinements have been made 
to the theory by Preston^ and Devaney.^ These theories are 
in good agreement with the experimental data for even-even 
nuclei, except for the lighter even-even isotopes of polo­
nium, Po 212, Po 210, and Po 208. An examination of the 
decay formulas shows them to consist of two parts; an expo­
nential term describing the barrier penetration and a 
coefficient C which is related to the frequency with which an 
alpha particle in the parent nucleus encounters the potential 
barrier and which numerically approximates the period required 
for the alpha particle to cross nuclear dimensions. The 
coefficient C is a slowly varying function and is usually 
assumed constant. Then,
A . Ce-f(v,z,r) (1)
3q. a . Qamow, "Zur Quantentheorie des Atomkemse," 
Zeltschrlft fiir Physlk, LI (1928), 204.
**R. W. Quraey and E. U. Concon, "Quantum Mechanics 
and Radioactive Disintegration," The Physical Review, XXXIII 
(1929), 127*
-*M. A. Preston, "The Theory of Alpha-Radloactlvlty," 
The Physical Review. LXXI (1957), 865.
J^. J. Devaney. "Theory of Alpha Decay I," The Phys­
ical Review, XCI (1953), 587.
3Table I. Even-even Polonium Alpha-emitters.
Parent Daughter Half-life Alpha Energy
(MeV)
P « 2 1 8
84 134
9h214 
82 132 3.05 min. 5.998
p 216
84 132
pw212 
82 130 0.158 sec. 6.775
Po21484 130
p>.210  
82 128 1.64xl0“4 sec. 7.68
p 212 
84 128
p »208 
82 126 3.04x10~7 sec. 8 . 7 8
p^210
84 126
PVt206
82Pto124 138.40 days 5.299
Po20884 124 Ph204 82 122 2 . 8 3 years 5.108
p 206 
84 122
Ph202 
82 120 180. days 5.218
Po20484 120
Ph200 
82 118 16. days 5.370
Table II. ICalculated Values of Nuclear
Author A a1/3 R *x <Rx)2 *o
Asaro 206 5.906 8.398 7.198 51.81 1.219
208 5.925 9.048 7.848 61.59 1.345
Devaney 206 5.906 8.37 7.17 51.41 1.214
208 5.925 8.98 7.78 60.53 1.313
((r208)2-(r206)2)*(r206)2
18.9*
17.3*
Note: R Is the calculated channel radius and Rx= (R - 1.2 x 10“^ 3 cm.), RQS RXA"*/^.
All R's are in fermis.
5where A is the decay constant, v is the alpha particle 
velocity, z is the atomic number, and r is the effective nu­
clear radius. The decay constant A is a very sensitive 
function of r, and r can be determined from the measured values 
of \ . In the one-body theory of alpha decay, it is
assumed that the nuclear radius, in effect, is that of the 
alpha decay product. In the case of the polonium alpha- 
emitters, one is then determining the nuclear radii of the 
corresponding lead Isotopes.
Asaro? has calculated the alpha decay nuclear radii for 
lead 206 and lead 208 from the one-body theory of Preston. 
Devaney® has also calculated the effective nuclear radii of 
lead 206 and lead 208. These results are given in Table II.
From Table II it can be seen that the effective radii of 
lead 206 and lead 208 differ in one case by nine per cent and 
in the other case, by eight and one-half per cent, and that 
the percentage differences of their squares, which are propor­
tional to the cross sections, are 18.9 per cent and 17.3 per 
cent, respectively.
There is a great deal of evidence, however, which leads 
to the conclusion that the nuclear volume is substantially 
proportional to the number of nucleons in a given nucleus.
This implies that nuclear matter is essentially incompressible
7p. Asaro, unpublished calculations (1955) quoted by
I. Perlman and J. 0. Rasmussen in "Nuclear Reactions III,” 
Handbuch der Physik (Berlin: Springer Verlag, 1957)# XLII,
Q
Devaney, op. cit., p. 587.
6and has a constant density for all nuclei. The number of 
nucleons In a given nucleus Is equal to the mass A and, 
thus, in the constant density model the nuclear radius Is
where the nuclear unit radius Rq may vary slightly from one 
nucleus to another, but is roughly constant for A greater 
than ten or twenty. Using the constant density model, a 
difference of 0.645 per cent is obtained for the percentage 
difference of the squares of the radii of lead 206 and lead 
208.
In order to explain the large difference between the half- 
lives of Po 212 and Po 210, It had been suggested that the 
entire prohibition of alpha emission In the lighter even- 
even Isotopes be attributed to nuclear radius effects since 
other even-even nuclei removed from the region of eighty-two 
protons and 126 neutrons show rather good agreement with the 
theory.9 As previously stated, this requires a postulated 
shrinkage of eight to nine per cent in the radius.
In the one-body theory of alpha decay, it Is assumed 
that the alpha particle which is emitted has been formed 
In the nucleus and that there is no prohibition toward 
assembling its components in any one nucleus as compared with 
any other. There are several approaches for treating the 
Internal mechanics of the alpha decay process in a more
(2)
^Perlman, et al., op. clt., p. 26.
7realistic manner than In the one-body theory. In one of 
these, H. Mang10 has tested the shell model In a quantitative 
calculation of the formation factors of the Po and At isotopes 
and has been able to explain the sharp drop In the experimental 
data in terms of a simple spherical shall model nuclear 
structure. He suggested that one no longer needed to Intro­
duce a sudden Jump or shrinkage of the nuclear radius at the 
double magic nucleus Pb 208 In order to explain the difference
in the reduced width of Po 212 and Po 210. The reduced 
r*width * (MeV) is related to the decay constant by
(3)
where h is Planck's constant and P is the barrier penetra­
bility.
As a result of this Information, It appeared desirable 
to measure the radii of the two Isotopes of lead, Pb 206 and 
Pb 208, by an Independent means In order to ascertain whether 
there exists an anomaly. From these measurements one should 
be able to conclude whether there exists a large shrinkage 
In the radius.
There is no single precise definition of the nuclear 
radius which can be applied to all nuclear situations. The 
nuclear surface Is defined as a surface outside of which 
there is a negligible probability of finding any of the
1(>H. Mang, "Calculation of Alpha-Transltion Proba 
bilities," The Physical Review. CXIX (I960), 1069.
nuclear constituents. In heavy nuclei the interval over 
which the probability drops from near one to near zero is 
small compared to the nuclear radius and this makes it pos­
sible to define a nuclear radius with some degree of accuracy.
There are several methods for measuring the nuclear 
radius and the values of the radii obtained will depend to 
some extent on the particular experimental method used. All 
of the common experimental methods except the scattering of 
fast neutrons Involve the use of some charged particle as a 
probe of the nuclear interior and consequently depend on 
coulomb effects. Thus, the use of the neutron as a probe 
of the nuclear interior offers the advantage of no coulomb 
interactions. Neutrons in the energy region of fourteen (14) 
MeV have a wavelength which is small compared to the nuclear 
diameter, but large compared to the nucleon diameter. Hence, 
the fourteen MeV neutron is sensitive to at least some of 
the gross structure of the nucleons.
From the Bohr theory it is known that a nucleon incident 
on a nucleus is either scattered elastically or absorbed to 
form a compound nucleus. A particle which is absorbed into 
a compound system will then follow one of several exit chan­
nels. The only exit channel which results in the particle 
emerging with its original energy is the compound-elastic 
scattering channel. By definition, the nonelastic cross 
section is the difference between the total cross section 
and the elastic cross section (potential elastic plus com­
pound elastic). The nonelastic cross section is a measure
of the probability that the Incident particle will not emerge 
from the collision with its original energy. At a bombarding 
energy of fourteen MeV, so many exit channels are compet­
itively available that decay by the compound-elastic 
scattering channel becomes unimportant. If the compound- 
elastic scattering Is negligible, then the nonelastic cross
Bection Is equivalent to the cross section for the formation
of the compound system <g . The cross section can be writ­
ten approximately as the product of the cross section for 
striding the nuclear surface and the transmission T.11
q-c(n) = *  (R / /* )2T (4)
where R is the radius of the classical target area and Is 
a size ascribed to the neutron to give a better estimate of 
the cross section for a direct encounter. For an abrupt 
change of potential when the particle crosses the boundary 
of the nucleus, this transmission Is given by
T = 4kK _ (5)
Oc 7 K)*
where k is the wave number for the particle outside the nu­
cleus and K Is the wave number for the particle In the nucleus, 
K is approximately (l x 10**-3 cm"*-) for incident nucleons.*-®
*-*-H. Feshbach and V. F. Welsskopf, "A Schematic Theory 
of Nuclear Cross Sections," The Physical Review, LXXVI (1949), 
1550.
12J. M. Blatt and V. F. Welsskopf, Theoretical Nuclear 
Physics (New York: John Wiley and Sons, 19$2j, p. 355.
10
For fourteen MeV neutrons, k = .694 x 10*^3 cm”\  Therefore, 
T s .97. Thus, the nonel&stlc cross section may be related 
to the radius by
"■non f  (6)
A more rigorous wave mechanical calculation yields the 
same results when the angular momentum Is zero.^3
^■^eshbach, op. cit., p. 1550.
CHAPTER II
THEORY OP CROSS SECTION MEASUREMENTS 
Total Cross Section Measurements
In the measurements of total cross sections, It Is 
necessary to make a comparison of the detector response with 
and without the intervening target. For a thin target having 
a thickness x, Nq atoms per cubic centimeter, and "good 
geometry," then
TQ = Ex p^ N q x) (7)
"Oood geometry"1 means such colllmatlon that all particles 
scattered through any small angle miss the detectors. However,
since the detectors have finite acceptance in every case,
correction for in-scattering must be made.2 At fourteen MeV 
compound-elastic scattering is negligible and may be neglected.
The observed transmission of neutrons through a scatterer 
may be written as
T = Tq / Tx / T2 / .... (8 )
H^. A. Bethe and M. S. LevIngaton, "Nuclear Dynamics, 
Experimental," Reviews of Modern Physics, IX (1937), 287.
2H. L. Poss, E. 0. Salant. a. A. Snow, and Luke C. L. 
Yuan, "Total Cross Sections for 14-Mev Neutrons," The Physical 
Review, DCXXVII (1952), 11-20.
11
12
where T is the true transmission, 1. e., the number of
0
neutrons reaching the detector without experiencing any scat­
tering in passing through the scatterer, is the number of 
neutrons singly scattered before reaching the detector, Tg 
is the number of doubly scattered neutrons reaching the 
detector, etc. If the source and scatterer diameters are 
small and the source to scatterer and scatterer to detector 
distances are large, then the cosines of the scattering 
angles Involved may be taken as unity.
The number of neutrons available to experience a scat­
tering is (l - Tq). The number scattered elastically into 
solid angle d a  is
where the differential cross section evaluated at zero degrees 
is used. The number which escape to give T^ is
where PAV is the average probability of escape in the forward 
direction. The average escape probability in the forward 
direction is
(9)
T
r
(10)
(11)
13
Thus, the observed transmission with the correction for single 
scattering Is
T - T0 / (1 - T n)g c®_(0°)a- (12)
«T
The solid angle is
d4) « (13)
where is the area of the detector and L Is the distance 
from the scatterer to the detector. Equation (12) Is valid 
only for thin samples and "good geometry." This expression 
may be Bolved by assuming values of total cross section, 
calculating T and comparing this with the observed trans­
mission.
Nonelastic Cross Section Measurements
Nonelastic cross sections are measured conventionally 
by means of the sphere-transmlsslon technique.
Qualitatively, the sphere-transmlsslon method works as 
follows: If an Ibotropic threshold neutron detector Is
placed at a large distance from an Isotropic source, and 
counts are recorded with and without a sphere of material 
surrounding the source, the resulting transmission
T ■ counts (sphere on)/ counts (sphere off) (1*0
Is a measure of the amount of nonelastic scattering. If 
there were only elastic scattering In the shell, a transmission
14
of unity would be obtained because of spherical symmetry.
Before developing the theory In detail, It should be 
noted that In the following development It will be assumed 
that the source is inside the sphere and the detector out­
side. This Is a considerable convenience for following the 
paths of the neutrons from the shell. It has been shown 
that one obtains the same transmission by surrounding either 
the source or the detector.^ specifically, the reciprocity 
theorem states: "The number of neutrons coming from an
isotropic source at the center of a spherical shell of 
matter and detected In an Isotropic detector outside the 
sphere Is equal to the number detected If the positions of 
source and detector are interchanged." It should be noted 
that this reciprocity theorem is valid only as long as the 
total cross section Is constant as the neutrons elastically 
scatter through the shell. This restriction is not signif­
icant for the elements and sphere thicknesses used in this 
experiment.
The following development will include the effects of 
multiple scattering. It will be assumed that the shell 
thickness is of the order of one mean free path. This means 
that the density of neutrons from the source will not fall 
off significantly from the Inside of the shell to the outside.
H^. A. Bethe, "The Reciprocity Theorem in Neutron 
Scattering," Los Alamos Report, LA-1428 (June, 1952).
15
It has been shown by Bethe, Beyster, and Carter that the 
scattering may be assumed Isotropic If the elastic transport 
cross section Is used for the elastic scattering cross
section.** The error thus made In the nonelastic cross section
Is In the order of one per cent. Therefore, In this devel­
opment the total transport cross section, , and the 
elastic transport cross s e c t i o n , , will be used Instead 
of the total cross section, of , and the total elastic cross 
section, . Let r^ and r^ be, respectively, the Inner 
and outer radii of the shell. The shell thickness is then
x * r2 - r i (15)
The macroscopic cross section, measured in cm~^, will be 
used throughout this paper unless otherwise Indicated. It 
will be assumed, also, throughout that one neutron is emitted 
by the source. Then, the number of neutrons which leave the 
sphere without any collisions is
TQ = Exp(-<£. *) (16)
The number of neutrons which experience a first collision Is 
then (l - Tq), and the number which experience a first non- 
elastic collision is
*1 1 (1 - T0) (17)
The number which experience a first elastic collision Is
E, = (1 - Tq) (18)
*tr
^H. A. Bethe, J. R. Beyster, and R. E. Carter, 
"Inelastic Cross Sections for Fission-Spectrum Neutrons— I," 
Journal of Nuclear Energy I, III (1956), 207-223.
16
The number of neutrons which suffer their first collision 
between r and dr is
f^rjdr ■ Exp (-<*£• (r - rO)^.dr (19)
v1 " V
The geometry used for analysis of the sphere experiment is 
shown in Pig. 1.
The probability that a neutron, after its first scatter­
ing at r, is subsequently scattered nonelastically depends 
upon the distance, y(r,©), which it has to travel after its 
first scattering before escaping from the sphere. Prom the 
geometry it is found that *
y(r,©) = -rcos© / /r22 - i^sin2© - a/r^2 - r2sln29 (20)
where a = 2 if cos© 4 - /l - r 8/r2
a = 0 if c o b © > - / 1 - r^/r2
Geometrically, a : 2 if and only if the path of the neutron
after scattering penetrates into the interior cavity of the 
shell. Thus, a neutron which starts at r at an angle © with 
the radius will have a probability of escaping from the 
sphere with no further collision of
p(r,e) ■ Exp(-^, y(r.e)) (21)
If the scattering is isotropic, the average escape probability 
of a neutron starting at r is*ir
p(r) = 1 / p(r*e)d*> (22)Vtt J0
The probability that such a neutron will make at least a 
second collision is then (1 - P(r)), and the probability 
that this neutron makes a second nonelastic collision is
17
\
\
\
SOURCEOETECTOR
FIG. I GEOMETRY USED FOR THE ANALYSIS OF THE SPH ER E 
EXPERIMENT.
FIG. Z NEUTRON PATH WHEN a « 2 .
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£ k _ ( l  -  P (r ) )  (2 3 )
<Qr
The number of neutrons available between r and (r / dr) to 
experience a second collision Is
Ejf^(r)dr (24)
and thus, the total number of nonelastic second scatterings 
Is
/r
I2 = E, <Tmmm I fn(r)(l - P(r))dr (25)
It Is convenient to Introduce the average escape probability 
for neutrons emerging from first collision of
P1 " f f1(r>p(r)dr (26)
and since, by definition,
/ f  (r)dr * 1 (27)
n
the number scattered nonelastlcally a second time becomes
* E, (1 - P ) (28)
1 r*r 1
The number of neutrons experiencing a second elastic collision 
Is
Eg * E1_St_(l - P ) (29)
°if
Now, If the spatial distribution of these neutrons, f (r)dr, 
Is lenown, the average escape probability for neutrons after 
a second collision can be written as
19
P2 = y^fgtrjpfrjdr (30)
The number of neutrons which are scattered nonelastlcally 
on thiB third collision is then
■3 • v a ? - “  - V  ,3.,
This process may be continued, giving for nonelastic colli­
sion on the (n / 1) collision
•(-SaL.'f ■ 1(1 - V (1 - V--- , < 
u -; Isa)
The difficulty here lies, obviously, in trying to 
calculate the spatial neutron distributions. There are, 
however, two circumstances which help with this problem. 
First, it has been shown that the spatial distribution of 
successive collisions converges to a limiting distribution, 
called fm(r)* and that this convergence is quite rapid.5 
Second, the escape probability P(r) does not depend very 
much on r, and therefore, the average escape probability,
Pn, is not very sensitive to the assumed distribution func­
tion, fn(r). It has also been shown that the deviation of 
the distribution of first collision, f^(r), from the normal 
mode is not large for shell thicknesses less than one me am 
free path.^ If f^ does not differ much from fm, then f2.
^Bethe, et al., op. clt., p. 216. 
^Bethe, et al., op. cit., p. 220.
20
ty etc., will, of course, be even closer to fm.
If the shell thickness is kept under one mean free path, 
it can then be assumed that all the escape probabilities 
are equal to that for the normal mode
Pl - P2 • P3 = ... » Pm (33)
Then,
i„ / l * f « i t  )n ' x(i - Pi)n (3*)
\ /
This series can be summed and gives
Z. X j . • E. ( /«.,)( 1 - P, )
*•' n / 1 i1- - pj)
(35)
Now, (1 - T), where T is the actual transmission is the
number of neutrons which are not transmitted. Thus,
mZ(l - T) ■ I, / I /' 9 1 r /»•/ n /
■ _£-_<! - T ) / E^OSy (1 - P ) (36)
0 “i - T  oit P1
= (1 - Tn) <rM  1 /ojt (1 - p,)
/ pl
(1 - T) * (1 - T0) (37)
This formula permits a simple physical Interpretation. The 
total number of neutrons supplied to the shell 1b (l - Tq ). 
These neutrons can be removed from the shell by two processes,
21
either by nonelastic scattering or by escape. In a given 
collision, the probability of nonelastic scattering is ,
that of elastic scattering followed by escape Is pl*
This gives, for the fraction scattered lnelastlcally, the 
expression In Equation (37).
CHAPTER III
PROCEDURE USED FOR CALCULATING THE CROSS SECTIONS
Total Cross Sections
The total cross sections were calculated using Equation 
(12). No other corrections, other than the single scattering 
correction, were made. Equation (12) Is Incorporated in a 
computer program which may be found in Appendix I.
Nonelastic Cross Sections
The total cross sections used were those measured in 
this experiment, as given In Table XV. The values of ^  (©) 
for the different elements were obtained from UCRL-5573.1 
These values are given In Appendix II.
The readout from the analyzer was a paper tape printer. 
This data was transferred to IBM punch cards and fed into an 
IBM 1620 computer.
In computing the transmission, It Is necessary to know 
the background with the sphere off and with It on. The back­
ground with the sphere off can be measured easily. However,
*R. J, Howerton, ed. Tabulated Differential Neutron 
Cross Sections, Part III, Vol. I, 0-15 MeV (sixteenth Edition 
Livermore, CalifT: University of CaTifornia, 1961, UCRL-5573
Physics, UC-34, TID-4500).
23
due to physical limitations, It was not possible to measure 
the background with the sphere on. This background count 
may be approximated if It Is assumed that the background 
Is attenuated the same amount as the direct beam. Then the 
transmission may be written as
Tobs = 2- counts sphere on - T^w- Z7 background counts (38)
7^ counts sphere o+£ - J^ packground counts
Solving Equation (38) for Tol)B gives
T_k„ * 2T counts sphere on (39)
£  counts sphere off
Equation (39) was used to compute the observed transmission.
This expression will be valid as long as the total cross
section does not change appreciably with energy, 1. e., at
high biases.
In order to correct the transmission for the energy loss 
on elastic scattering, it was necessary to obtain the detector 
efficiency and the energy distribution of the elastically 
scattered neutrons. The efficiency curves for the detector 
were measured from fourteen (14) to thirteen (13) MeV by 
moving the detector relative to the beam axis. Since the 
element of primary Interest, lead, produces a very small 
energy loss on an elastically scattered neutron, and since 
the shells were relatively thin, this range of efficiencies 
was sufficient. The efficiency curves at six biases are 
shown in Pig. 3.
Since the elastic scattering angular distribution has a 
very pronounced forward peak at fourteen (14) MeV, and since
13.0 (3 .5  14.0
ENERGY IN MEV
FIG. 3  RELATIVE EFFICIENCY OF THE SPHERE DETEC TOR.
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the direct transmission for the shell thickness used In this 
experiment Is high, the energy distribution of the elastically 
scattered neutrons should approximately follow Equation (40).
N ■ Exp(-apx)
N1(0) * 2/r(1 - N) 0|y (Q)alnQAQ (40)
It was also assumed that when the sphere was In position, the 
neutrons which did not reach the detector because of elastic 
scattering In the portion of the shell directly between the 
source and the detector were equal In number to the neutrons 
elastically scattered toward the detector by the rest of the 
spherical shell, as shown in Fig. 4.
This can be seen as follows: If the shell were absent,
there would be a certain number of neutrons detected; let 
the number of neutrons detected under this condition be N^ .
If the shell were In position around the detector, let the 
number of neutrons detected be N^ . If there were no non­
elastic scattering in the shell, then the number of neutrons 
detected with the sphere off and with the sphere on would be 
the same because of spherical symmetry, 1. e., = Ng.
This could only be true If the number of neutrons scattered 
out of the direct beam by the shell were equal to the number 
of neutrons scattered back Into the detector by the rest of 
the shell.
Thus, at fourteen (14) MeV the energy distribution of
7r-9
SOURCEDETECTOR
FIG. 4  EXPERIMENTAL ARRANGEMENT OF SPH ERE. N E U T R O N S  
EMITTED A T ANGLE $  ARE ELASTICALLY SCATTERED 
THROUGH ANGLE © OR TT-© TO REACH THE DETECTOR.
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Table III. Ratio of Elastic Transport to Elastic Cross
Sections.
Element S
Iron 0.1999^2
Copper 0.165286
Lead O.I76182
Bismuth 0.17klkl
Table IV. Quantities Used In Calculation of Finite Source 
to Detector Distance Correction.
itity Value
*T 5.27
2.59
S 0.176
pi 0.8
k 0.735
V 0.076
V 0.189
V 0.113
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the elastically scattered neutrons should be well approx­
imated by
N(E) - N / N^(B) (41)
The correction to the observed transmission is then
N / C  N(E)P
Corr * E (42)
N /HN(E)Eff(E)P 
where P is the probability of the neutron escaping after an 
elastic collision.
Equations (39), (40), and (41) were incorporated into a 
computer program to calculate these energy distributions.
The previous approximation to the energy distribution of 
the elastically scattered neutrons is valid only as long as
(1) The differential elastic scattering cross section 
is sharply peaked in the forward direction, 1.. e., 
high energy.
(2) The escape probability is high, 1. e., thin shell.
(3) The total cross section does not change appreciably 
with energy.
The above procedure is Justified because, as pointed 
out by MacGregor, Ball, and Booth,2 for A >27, if a reason­
ably high bias Is used, the correction factors are indeed
♦
small and thus, errors in the correction factors are of 
second order and considered ntgliglble.
2
Malcolm H. MacGregor, William P. Ball, and Rex 
Booth. "Nonelastic Cross Sections at 14 Mev," The Physical 
Review, CVIII (1957), 726-734.
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The differential elastic scattering cross section was 
not available for radio lead at fourteen (14) MeV. Thus, 
it was assumed that it was the same as ordinary lead. This 
may be partially Justified by the fact that at 4.1 MeV the 
differential elastic cross sections for ordinary lead and 
radio lead are very close for angles less than sixty (60) 
degrees.3
Thus, with the values of the differential elastic cross 
sections known, the ratio of the elastic transport to the 
total elastic cross section was calculated using Equation (43).
These values are given In Table III.
Before the cross sections could be computed, four addi­
tional corrections had to be considered. The first was the 
fact that the source used was neither monoenergetic nor 
Isotropic. It was found that by placing the detector at a 
distance of thirty (30) Inches from the source, the variation 
In neutron energy over the surface of the sphere was less 
than one per cent and the non-lsotroplc effect was negli­
gible. Second, the effect of a non-lnfinlte distance between
3p. L. Okhuysen and J. T. Prud'horame, "Compound- 
Elastic Scattering of 4.2 Mev Neutrons in Lead," The Physical 
Review, CXVI (1959), 986-989.
o sO)sIn0d0
s = __________
I
J a -c i ( 0 ) s l n © d 0
(43)
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the source and the detector Is to produce an apparent In­
crease in the source strength. This effect on the trans­
mission has been analyzed by Bethe, Beyster, and Carter and 
only the results of their analysis will be presented here. 
The observed transmission now becomes
T . . T  /  ^  (V l * /  V a *  /  • • • /  W ) /  (4J|)
^  ( E l P l * »  /  E2 P 2 * *  /  . . .  /  EmPm* * ) /  . . .
where
.49
P
(*•5)
* s 1 f f  f (r)r®dr ain®0 P(r»9)d«> 
n TRr^ /. nl
Pn** = _1_ £  y ^ f ^ r j A i r  sin2*© P(r,©)d*>
The term to be subtracted from the observed transmission to 
correct for the finite source to detector distance Is
= 11 - ' V ) ' £ ■ “ ' FlY S « s ' W
/ < A11* (»' *&-)} («)
Using the values listed in Table IV, this correction factor 
is found to be .000000146 / f(b_J*) for lead. Thus at a 
distance of 76.2 centimeters, the correction for the finite 
source to detector distance is completely negligible.
^Bethe, et al., op. clt., p. 289.
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For a finite cylindrical detector of radius a and length 
2y, the term to be added to the observed transmission to 
correct for finite counter size is
- - # / Tobs ■ e‘^Tobs - T j i L  - ?g. . /
(i/n - i/r2) (_a^L / _*£)y -
(1 - pl)-St_p2 / (1 TitXl - (“7). w_  2i
'4*\ r %*
Taking a = y-^ = .635 cm., this correctiop is approximately 
.00059* and is, therefore, significant. The significant 
term in this correction is given in Equation (48).
J2 ? T0 ffitr - j g r e t ^ U A l  - l/r2)|! (M)
The last correction factor to be considered is the correction
for dead-time effects in the analyzer. For the TWO analyzer
used, the dead time per count per channel using the full 400
channels is (39 / 0.20) x 10”^  seconds where C is the channel
number. Assuming a rectangular or ideal recoil proton
spectrum, and one count per channel, the total dead time is
Just the sum of the dead time for each channel or
S ■ c(78.2 / 0.2C) x 10"6 sec. (49)
£
where S is the total dead time. Let N x total number of
counts taken in time t, where t Is In minutes. Then,
N ,S = total dead time for N/C counts/channel (50)
C
Also,
M = count rate (average) (51)
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Then the fraction of the counts lost due to analyzer dead 
time Is
NgS.l = NS (52)
bOtC IT b(5tc
Let - number of counts with the sphere off and
Non = number of counts with the sphere on*
then* the actual transmission T1 should be
T' = ________ ~ _________  (53)
Nrff / S (Hnff>2
o f f  bO t 'off'C or r
or
” • [i ii ] (v"
Substituting Equation (49) for S and writing Non/ft0ff - T* 
the actual transmission T 1 becomes
Ta / (78.2 / 0.2C)TN.„ x 10:6/60t„„ 1 (55)
t? V (78.5 X O.SCjlloff x lfl-O/feW ^ ff J
T' = T
Using the previous equations* the corrected transmission 
can be obtained. The procedure for calculating is as 
follows:
Assume a value of calculate and
Tq as given In Equation (56).
rtr 1 < ^  >s /
^et = ( «r -<^.)S (56)
T0 = e * ^
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With this Information, It Is now possible to calculate as
P = 2n-fr. f* e’*5" " rl^dre"y^r'e^»lnOdO (57)
1 1 (1 - T ) '"" —  '
where y(r,©) Is given by Equation (20). This value of P^ 
and the other values computed were then substituted Into 
Equation (37) and this value compared with (l - T), where T 
Is the corrected transmission. A trial and error process of 
successive approximation Is necessary In order to arrive at 
a final value. These equations were Incorporated Into a 
computer program In which the cross section was perturbated 
until a specified limit was reached. This computer program 
may be found In Appendix 1.
In performing the calculation of the cross section, It 
is necessary to evaluate P^ each time the cross section Is 
perturbated. Since this Involves a double numerical Inte­
gration, It Is quite time-consuming. However, it was found 
that the term (l - Tq )P^  remained constant to the fifth 
significant figure over the range of the cross section per­
turbations. Thus, It is only necessary to calculate the 
Integral once at the beginning of each cross section calcu­
lation. This factor reduced the computing time by many 
tens of hours.
CHAPTER IV
EXPERIMENTAL PROCEDURE 
Total Cross Section
Total cross sections were measured for the Iron, copper, 
and both leads. The geometry for the experiment Is shown In 
Pig. 5.
The sample holder was constructed of 1/16 Inch aluminum 
mounted on an aluminum rod. This was In turn attached to a 
solenoid so that the sample could be placed In front of the 
throat of the shield or removed from the operating console. 
The detector and the monitor were both water co&led. The 
detector used a one inch diameter plastic scintillator. 
Blanks, 1. e., measurements with no scatterer In the beam 
path were made before and after each measurement with a 
scatterer in position. The relative transmission for each 
scatterer was determined by using the mean of neighboring 
blanks In order to minimize slow fluctuations. Ten runs were 
made on the Iron and copper samples. Approximately 20,000 
neutron counts were accumulated in each run, the number of 
monitor counts being about five times greater, depending on 
the scatterer. Por the lead samples the transmission was 
measured for three different thicknesses of the scatterer.
The dimensions of the scatterers are given In Table V.
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Because of physical limitations It was not possible to 
perform a "good" geometry experiment. The scatterer was 
located eleven and one-half (Hi) Inches from the source 
and thirty-nine (39) inches from the detector as indicated 
In Pig. 5. This arrangement might be termed "reasonably 
good" geometry, since the shield afforded good collimatlon.
The electronics consisted of two 63**2 photomultipliers, one 
as a reference monitor and the other aB the main detector.
The detector in the large shield was run through a cathode 
follower preamplifier and then into an amplifier discrim­
inator circuit. The discriminator was set at a bias of 
12.6 MeV and Its output fed Into a counter. With this high 
a bias and with the shield, the background was found to be 
negligible.
Nonelastic Cross Section
1. Spheres
The two materials of Interest in this Investigation are 
lead 206 and lead 208. The only material available In suffi­
cient quantity for the construction of a sphere and having an 
abundance of lead 208 Is natural lead (51.73^  lead 206). The 
lead 206 used was In the form of radiogenic lead which Is 
extracted from uranium oreB; It contains approximately 
elghty-elght per cent lead 206. The normal lead sphere was 
made from a "chemical lead" brick manufactured by the American 
Smelting and Refining Company and is 99.9 per cent lead.
The radiolead sample was obtained from Atomic Energy of
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Table V. Dimensions of Scatterers.
Element Thickness (cm.) Diameter (cm.)
Iron 1.2052 2,8600
Copper 1.2068 2.7915
Radiolead-1 1.2705 2.8194
Radiolead-2 1.2705 2.8194
Radiolead-3 1.2710 2.8219
Ordinary lead-1 1.2718 2.8245
Ordinary lead-2 1.2687 2.8219
Ordinary lead-3 1.2703 2.8232
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Canada, Limited, and the spectrographlc analysis given by 
them was Pb 204, 0.08?*; Pb 206, 88.255*; Pb 207, 8.785*; and 
Pb 208, 2.925*. (The natural abundance of the Isotopes In 
normal lead Is Pb 204, 1.4j*j Pb 206, 25.25*; Pb 207, 21.75*; 
and Pb 208 , 51.7?*.)
In order to check for systematic errors In the experi­
ment, three other spheres were constructed; one of bismuth, 
one of copper, and one of Iron. The dimensions of these 
spheres are given in Table VI.
Table VII gives the values of and Nq for each of the 
materials used.
The shell thickness was chosen to be approximately one- 
fourth (■£) of a mean free path or one-eighth (1/8) of a 
nonelastic mean free path for fourteen (14) NeV neutrons.
The density and shell thickness were determined by weighing 
and measuring operations.
In the actual experiment the spheres were placed around 
the detector because the neutron beam striking the sphere 
would be more nearly monoenergetlc and Isotropic and because 
the detector was smaller than the source, allowing the use 
of small spheres. To admit the detector Into the sphere, 
a hole 0.751 Inches in diameter was drilled into the sphere, 
Since the lead was relatively soft, the holes In the lead 
spheres were drilled larger and fitted with an aluminum 
Insert. This was necessary since the hole served both as a 
partial support for the sphere and as an alignment device.
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Table VI. Radii df the Spheres.
Element r^ (cm.) Tq (Cm.) x (cm.)
Iron 3.969 5.071 1.102
Copper 3 .992 5 .058 1.067
Radiolead 3 .993 5 .436 1 .443
Ordinary lead 3 .993 5 .436 1 .443
BlBmuth 4 .013 5 .443 1 .4 3 0
Table VII. Densities of the Elements Used in This Experiment
Element p (g/cm3) N0 x 1024 Nuclei/cm^
Iron 7.818 0.084339
Copper 8 .928 0.084655
Radiolead 11.327 0.033088
Ordinary lead 11.331 0.032938
Bismuth 9 .759 0.028135
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2. Sphere Detector Assembly
The detector consisted of a one-half Inch diameter, one- 
half Inch long cylindrical plastic scintillator coupled to a 
luclte light pipe as shown in Pig. 6. The photomultiplier 
used was an RCA 6342 operated at 1,250 volts. The detector 
efficiency was found to change less than ten (10) per cent 
for angles up to ninety (90) degrees when using a high bias 
on the detector. The photomultiplier was surrounded by a 
copper shield with an attached constant temperature water 
coll. The water temperature was two degrees plus-or-mlnus 
one degree Centigrade (2° £ 1° 0). Over this cooling cyl­
inder was placed a rau metal shield.
An aluminum spacer of width a was used to position each 
of the spheres directly over the center of the scintillator.
3. Neutron Source
The neutrcyn source for the cross section measurements 
was a one MeV Van de Qraaff accelerator using the T(D,n) He** 
reaction. The target used was a four curie, thick, solid 
tritium-zirconium target. The detector was placed at an 
angle of ninety-eight (93) degrees to the beam axis. This 
yielded a neutron energy of 13.93 £ .05 MeV. The angle of 
the detector was chosen in order to minimize the energy 
spread In the beam.’*' The neutron energies were determined
^Poss, et al., op. cit., p. 11-20.
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from the beam energy and the kinematics of the T(D,n) He^ 
reaction.2 The beam was collimated to a diameter of one- 
fourth (£) Inch with the collimators located about ten (10) 
Inches from the target. The average current on the target 
was approximately five microamperes.
4. Electronics
Fig. 7 Is a schematic of the apparatus.
The signals from the sphere detector photomultiplier 
were passed through a preamplifier Into a TMC 400 channel 
analyzer. One of the monitors consisted of a plastic scin­
tillator and a 6342 photomultiplier mounted Inside a large 
shield. The output from this monitor was passed through a 
preamplifier and then Into an amplifier discriminator unit. 
The discriminator bias was set at approximately seven (7)
MeV and the output from this discriminator was applied to 
a counter which turned the analyzer and additional counters 
off at some preset count. With this type of reference 
system, variations in average beam current were found to 
have no effect on the reference count. A second monitor was 
also used. It consisted of a 6342 photomultiplier with a 
plastic scintillator mounted in a small shield. Both moni­
tors and the sphere detector were cooled by constant temper­
ature water. Unfortunately, it was Impossible to operate
2J. L. Fowler and J. E. Brolley, Jr., "Monoenergetlc 
Neutron Techniaues in the 10- to 30-MeV Range," Reviews of 
Modern Physics, XXVIII (1956), 103-134.
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the rest of the system at a constant temperature which would 
have yielded the maximum possible stability. Consequently, 
it was necessary to correct the data for drift.
The other electronic equipment was, however, checked . 
for stability. The amplifier discriminator unit had a drift 
of less than 0.02 per cent per hour after warm-up. The high 
voltage power supplies had a stability of 0.005 per cent per 
day after twenty-four (24) hours warm-up. However, the 
TMC analyzer was found to drift up to one channel per hour 
after a twenty-four (24) hour warm-up, depending upon the 
room temperature. This Is due to the fact that the analyzer 
Is completely transistorized and it Is unrealistic to expect 
transistorized equipment to exhibit a high degree of stability 
In an uncontrolled environment. The other equipment, being 
vacuum tube, was not Influenced particularly by the changes 
in room temperature.
5. Experimental Set-up
The location of the sphere detector and monitor relative 
to the target is shown in Pig. 8. Prom Equation (46) it was 
found that a source to detector distance of thirty (30) inches 
would make the correction for finite source to detector dis­
tance, the correction for the non-monoenergetlc source, and 
the correction for the non-lsotroplc neutron source negligible.
The large monitor shield was located thirty (30) degrees 
from the beam axis at a distance of about fifty (50) inches 
from the source. The other monitor was located directly
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&above the target at a distance of about thirty (30) Inches.
With a beam current of about five (3) microamperes on 
the target, the counting rate for the sphere detector averaged 
about 400 counts per second. This required an average time 
of approximately fifteen (15) minutes for a run which con­
sisted of a sphere-off and a sphere-on count.
The background count for the sphere detector was obtained 
by placing a brass shadow rod in front of the detector. 
Background count for the sphere detector was, In all cases, 
less than two (2) per cent. Background checks for the monitor 
In the large shield Indicated that the monitor background was 
negligible.
In order to minimize the effect of system fluctuations 
on the transmission, the transmission measurements for the 
ordinary lead and radiolead were alternated. Ten runs on 
each of the leads were taken during one day. This procedure 
was repeated on two different days. In addition fourteen 
consecutive runs on the radiolead were made during a single 
day.
Sets of eleven and twelve transmission measurements were 
made, respectively, on the copper and Iron spheres. For the 
bismuth sphere, however, It was necessary to make thirty runs, 
ten each on three different holes. This was necessary in 
order to determine If the flaws In the sphere had caused any 
noticeable effect on the croBS section. It had been found 
impossible to cast a bismuth sphere with no flaws. The three 
holes were located mutually forty-five degrees apart.
CHAPTER V
ANALYSIS OP DATA
A typical pulse height spectrum of the recoil protons 
from the fourteen (14) MeV neutrons Is shown In Pig. 9. The 
base line on the analyzer was set at a bias equivalent to 
twenty-seven (27) channels, to suppress noise and low energy 
gamma rays. Pig. 10 is a plot of the data from channels 40 
to 81, for the same data as was used In Pig. 9. Prom the 
graph of the pulse height spectrum, two things could be 
ascertained Immediately. Plrst, the channel corresponding 
to the fourteen MeV point could be located. Thus, over a 
long period of time, changes In the system gain which caused 
the reference point to shift could be noted and the reference 
point corrected. Second, It was possible to determine If any 
large fluctuations had occurred during a run by noting 
whether the extrapolated ends of the curves met. Any set of 
data In which these ends did not meet was rejected.
The data was then transferred to IBM cards and the trans­
missions calculated at each channel from channel 40 to 80, 
using both the blank before and the blank after the sphere-on 
run. Pig. 11 shows the transmission as a function of the 
channel number for one of the radiolead runs. Using the 
transmission curve. It was possible to make an additional
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test on the data. This was done by noting the shape of the 
transmission curve. Por a bias near fourteen (14) MeV, the 
transmission should be lower than for a bias near twelve (12) 
MeV, because at the higher bias some of the elastically scat­
tered neutrons will not be detected or will be detected with 
lower efficiencies. As the bias Is decreased, some nonelasti- 
cally scattered neutrons will be detected, thereby raising the 
observed transmission. In this way a second test was made 
to determine the validity of the data without regard for the 
absolute value of the data tested. Transmission data which 
did not exhibit a reasonable curve shape were rejected. On 
the basis of these two tests, the best data available were 
extracted from the original data. At best, however, this 
procedure did not produce data as good as would have been 
obtained if the stability of the system had been better.
In performing the experiment, It was Impossible to 
maintain the current on the target at a constant level and 
the counting rate fluctuated over a wide range. The highest 
counting rates observed were under 3*000 counts per second.
The manufacturer of the analyzer used states that there is 
no spectrum distortion for counting rates up to 50,000 counts 
per second. Thus, any error In the correction for the dead 
time will shift the entire transmission curve, but should 
not alter the shape of the curve. Since some distortion Is 
noted in the cross section versus bias curve, Pig. 14, it can 
be concluded that the drift in the electronics due to room 
temperature change Is the primary cause of this distortion.
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An additional difficulty was encountered with the Iron 
sphere. Although the photomultiplier In the sphere detector 
assembly was enclosed In a mu metal shield, the presence of 
the Iron sphere caused the gain of the photomultiplier to 
decrease slightly. The approximate decrease In the gain was 
found from the graphs of the spectra with the sphere on and 
with the sphere off. If one assumes that the presence of the 
sphere Is the only thing which caused the extrapolated end 
points to differ In this case, then this difference may be 
used to correct the sphere-on data. As can be seen In Table 
VUId, this procedure was only partially successful since the 
decrease In cross section as the bias decreases Is more rapid 
than expected. However, the final value, as given In Table 
XII, does not appear to be too much in error because averaging 
the cross section over four biases tends to cancel the varia­
tion.
Using the reference channel previously found, trans­
missions at biases of 13*5* 13*0, 12.5* 12.0, 11.5, and 11.0 
MeV were taken from the data. Using the transmissions at each 
of these six biases, the nonelastic cross sections were 
calculated. The calculated cross sections may be found In 
Appendix II. The resultant average cross sections are given 
In Table VIII. These cross sections have been corrected for 
multiple scattering, energy loss due to elastic scattering, 
finite detector size, and analyzer dead-tlme effects.
The numbers which appear directly under the cross section 
heading In Table VIII refer to the first and last sphere-on
55
run for the set of data. The data (575-601) consist of four­
teen (14) runs taken In succession on the sane date. The data 
(533-570) and (535-572) consist of eight runs each and the 
ordinary lead and the radiolead spheres were alternated.
The data (604-632) and (606-634) also consist of eight runs 
each and the spheres were again alternated. The bismuth 
data (404-471), (400-467), and (402-473) consist of twelve, 
seven, and six runs respectively. These three sets of data 
were taken through holes mutually forty-five degrees apart.
The iron data (504-526) consist of eleven runs taken consec­
utively on the same date. The copper data (481-510) consist 
of twelve runs taken consecutively on the same date.
As can be seen from Table VIII, the standard deviations 
decrease as the bias decreases, as expected. To obtain an 
estimate of what part of the standard deviation is due to 
random fluctuations in the number of neutrons counted and 
what part is due to drift in the system or other effects, 
the deviation can be estimated as follows: Since the Polsson
distribution describes all random processes whose probability 
of occurrence is small and constant, the fluctuation in the 
total count should conform to this distribution. The breadth 
of the statistical fluctuation of an individual reading 
about the true mean is expressed by the standard deviation 
which, for the Polsson distribution, has a definite value in 
terms of the mean value (the square root of the mean value). 
Now let Non be the number of counts with the sphere on,
Hoff be the total number of counts with the sphere off, and
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Table Villa. Nonelastic Cross Sections In Bams for the
Radiolead Sample.
Bias (MeV) Cross Section Cross Section Cross Section
(5 3 3 -5 7 0 ) (575-601) (604 -632 )
1 3 .5  2 .4 4 ^ .1 4  2 .5 7 / .0 9  2 .4 2 ^ .1 0
1 3 .0  2 .53Z *10 2 .5 5 ^ .0 6  2 .4 4 / .0 7
1 2 .5  2 .4 9 ^ .0 8  2 .5 3 ^ .0 5  2 .4 4 ^ .0 7
1 2 .0  2 .4 7 ^ .0 6  2 .4 8 ^ .0 5  2 .4 6 ^ .0 4
1 1 .5  2 .5 2 ^ .0 6  2 .5 0 ^ .0 5  2 .5 2 ^ .0 4
1 1 .0  2 .5 1 ^ .0 6  2 .4 9 ^ .0 5  2 .5 0 ^ .0 5
Table Vlllb. Nonelastic Cross Sections In Bams for the
Ordinary Lead Sample.
Bias (MeV) Cross Section Cross Section
(535 -572 ) (606 -634)
1 3 .5  2 .4 2 ^ .1 4  2 .4 9 / .0 7
1 3 .0  2 . 50j£. 11 2 .5 2 ^ .0 7
1 2 .5  2 .5 2 / .0 9  2 .5 0 ^ .0 7
1 2 .0  2 .53Z *°6  2 .5 2 / .0 7
1 1 .5  2 .5 4 ^ .0 6  2 .5 5 ^ .0 5
1 1 .0  2 .5 2 / .0 6  2 .5 4 ^ .0 5
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Table VTIIc. Nonelastic Cross Sections In Bams for the
Bismuth Sample.
Bias (MeV) Cross Section Cross Section Cross Section
(404-471) (400-467) (402-473)
13.5 2.59/.12 2 .63/.18 2.42/.14
13.0 2.53/. 10 2.66/. 11 2.48/.16
12.5 2.51/.10 2.61/.08 2.49/.13
12.0 2.50/.10 2.56/.05 2.49/.12
11.5 2.52/. 07 2.54/. 07 2.52/.08
11.0 2.52/. 07 2.59/.08 2.54/.08
Table'VllXd. Nonelastic Cross Sections in Bams for the
Copper and Iron Samples.
Bias (MeV) Cross Section 
(504-526) 
Iron
Cross Section 
(461-510) 
Copper
13.5 
13.0
12.5 
12.0
11.5 
11.0
1.63/.06 
1.47/.03 
1.35/. 03 
1.30/.02 
1.25/. 03 
1.20/.02
1.41/.06 
1.46/.03 
1.46/. 03 
1.43/.03 
1.42/. 03 
1.44/.03
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and T be the transmission. Then,
T ■ ”nn s f(»on« "off) (58)
"off
and
AT » T fAlN„„ )2/ (59)
The deviation in Non and is
- "on 1 ("on)4 * "off = ("off)4 (60)
which gives for the deviation in the transmission
4T = £  T(T/.1J?4 (61)
But, the transmission may be written approximately as1
T = Ex pC - ^ N qX) (62)
which gives for the deviation in the nonelastic cross 
section due to a deviation in the transmission
= - -S  (63)
For a transmission of approximately 0.88 for lead, Equation 
(63) becomes
= -»("offJ* («)
D. D. Phillips, R. W. Davis, and E. R. Graves, "In*- 
elastic Collision Cross Sections for l4-Mev Neutrons," The 
Physical Review, IXXXIII (1952), 601.
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Using Equation (64) and the values for run 596, the results 
given In Table IX were obtained.
As can be seen from Table IX, these results compare 
fairly well with those measured (Table Villa), especially 
for biases below twelve (12) MeV. This indicates that for 
biases of twelve (12) MeV and below, the dispersion in the 
data is due almost entirely to random fluctuations In the 
total count. As also can be seen from Table VIII, the agree- 
ment between values for the same element improves as the bias 
decreases. The abnormal variation at the higher biases is 
due primarily to drift in the system gain. To gauge the 
effect of this drift on the data, assume that the gain-drift 
difference between a sphere-dff and a sphere-on run is equiv­
alent to a shift of about 0.05 channels, and that this might 
occur over a fifteen (15) minute period. Taking an average 
number of counts per channel to be approximately 2,000, this 
amount of drift would increase or decrease the sphere-on 
count by about one hundred (100) counts.
Using the total counts listed in Table IX, the values 
given in Table X were calculated. It can be seen immediately 
that the effect of changes in the system gain is much more 
pronounced at the higher biaseB. Although the drift assumed 
is arbitrary, since the gain changes were not uniform, it 
is not an unreasonable amount. Since this gain change was 
not uniform, the averaging of the blanks did not eliminate 
it entirely.
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Table IX. Approximate Deviations In the Nonelastic Cross 
Section of the Lead Samples due to Random Fluc­
tuations in the Total Count.
Bias (MeV) Noff T 4T dr
13.5 9,500 00 .013 .31 .08 .11
13.0 14,500
COGO00• .011 .26 .07 .09
12.5 21,200
CO0000• .009 .22 .06 .08
12.0 27.800 .883 .008 .19 .05 .07
11.5 32,200 .884 .007 .17 .05 .06
11.0 43,500 .884 .006 .14 .04 .05
Table X. Approximate 
Section due
Deviations 
to Drift in
in the Nonelastic 
the Oain of the
Cross
System.
Bias (MeV) 4T d<r dir/fa tor/Se
13.5 .011 .26 .07 .09
13.0 .007 .17 .05 .06
12.5 .005 .12 .03 .04
12.0 .004 .10 .03 .04
U.5 .003 .07 .02 .03
11.0 .002 .05 .01 .02
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The average cross sections and deviations based on all 
the values for each element are given In Table XI.
In view of the preceding arguments, the reproducibility 
of the data is best judged on the basis of the values at 
the lower biases. The values do contain a nonelastic effect 
but this effect is small, as will be subsequently shown. 
However, since the nonelastlc effect should be the same for 
all the data of the same element, it should not affect the 
comparison.
Prom Table Vlllb it can be seen that the two sets of 
ordinary lead data show a maximum percentage difference for 
biases of twelve (12) MeV and below of 0.8 per cent. For the 
three sets of data on radlolead, the maximum difference in 
the averages below twelve (12) MeV is also 0.8 per cent. In 
view of this comparison, it may be concluded that the values 
obtained for the two leads are statistically valid within 
the limits of the standard deviations. The check of the 
systematic errors in the nonelastic cross sections measured 
in this experiment will rest upon a comparison of these 
cross sections with those measured by others.
In order to estimate the nonelastic effect in the cross 
sections, the data points between channels 48 and 63, shown 
in Pig. 11, were fitted to a straight line by the method of 
least squares. The equation for this line is then
T * 0.887 - 0.598 x 10"4 C (65)
where T is the observed transmission and C is the channel
NO
NE
LA
ST
IC
 
CR
OS
S 
SE
CT
IO
N 
IN 
BA
R
N
S
62
DEVIATIONS INDICATED ARE STATISTICAL
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FIG. 14 MEAN NONELASTIC CROSS SECTION AS A 
FUNCTION OF BIAS.
Table XI. Mean Nonelastic Cross Sections In Barns of All Samples Measured.
Bias (MeV) Bismuth Ordinary Pb Radio Pb Iron Copper
13.5 2.56/.08 2.45/.08 2.50/.06 1.63/.06 1.41/.06
13.0 2.55/.07 2.51/. 06 2.51/. 04 1.47/. 03 1.46/.03
12.5 2.53/.06 2.51/.06 2.50/.04 1.35/. 03 1.46/.03
12.0 2.51/. 05 2.53/.04 2.47/. 04 1.30/. 02 1.43/.03
11.5 2.53/. 04 2.55/.04 2.51/.04 1.25/. 03 1.42/. 03
11.0 2.54/.04 2.53/. 04 2.50/.03 1.20/.02 1.44/. 03
o\UJ
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number. Between a bias of 13.0 MeV and a bias of 11.3 MeV 
the difference In transmission Is -.00066. Using Equation 
(63), the difference in the cross section Is determined to 
be -.016. Thus, the effect of the nonelastically scattered 
neutrons on the cross section at a bias of 11.3 MeV Is to 
lower the cross section by approximately 0.6 per cent. The 
effect of the nonelastically scattered neutrons at the 
higher biases will be smaller than this.
The nonelastic effect has been estimated for the radio 
lead. The first excited levels for the elements used are 
910 KeV for Bi 209, 2.614 MeV for Pb 208, 803 KeV for Pb 206, 
845 KeV for Pe 56, and 970 KeV for Cu 63.2 Since the size 
of the nonelastic effect depends on the position of the first 
excited level and also on the nonelastic cross section, the 
nonelastlc effect in the other data should be no larger than 
that predicted for the radiolead sample. Measurements by 
Graves and Rosen and by Rosen and Stewart, with fourteen (14) 
to fifteen (15) MeV neutrons also Indicate that almost all 
of the nonelastically scattered neutrons have energies of 
less than five (5) MeV. Using the values given by Graves 
and Rosen, the nonelastlc effect is of the same order of 
magnitude as that predicted from the curve In Pig. 11.
2B. S. Dzhelepov and L. K. Peker, Decay Schemes of 
Radioactive Nuclei (New York: Pergamon Press, l£bi), Fp.
633 (Bi 209); 6HT)Pb 208), 619 (Pb 206), 111 (Pe 56), and 
129 (Cu 63).
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From Table XI It can be seen that the random fluctuations 
and the drift effects completely obscure the effect of the 
nonelastically scattered neutrons. If the nonelastic effect 
were obserable, the nonelastic cross section should show 
a decrease as the bias decreases. Therefore, In order to 
arrive at the best value for the cross section, the average 
was taken of the values at 13.0, 12.5# 12.0, and 11.5 
biases. This final value Is probably about 0.3 per cent 
low; but under the circumstances, It is the best that can be 
obtained from the data taken. The final values for the non­
elastic cross sections are given in Table XII. In addition 
to these values, nonelastic cross sections measured by 
several other persons are listed for comparison, to deter­
mine if a signiflcient systematic error Is present.
As Table XII Indicates, the values for the nonelastic 
cross sections obtained In this experiment compare quite 
well with those of others. This would indicate that the 
cross sections obtained in this experiment are valid and 
contain no significant systematic error.
In order to calculate the cross sections for the Pb 206 
and Pb 206, It will be assumed that the nuclei are spherical. 
The volumes of the two nuclei may then be written as
Vord = aV206 / bV207 / oV208 (66>
vrad * a 'v206 / b 'v207 / c’v208 (67)
where a, a1, b, b1, c, c' represent the fractions of Pb 206,
207# and 208, respectively, In the ordinary lead and radiolead
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Table XII. Comparison of 14 NeV Nonelastic Cross 
Measurements.
Section
Element Present MacGregor^ Graves** Bonner^
Bismuth 2.53 £ .05 2.56 £ .03 2.53 £ .02 2.52 £ .09
Ordinary
lead 2.53 £ .05 2.56 £ .03 2.49 £ .02 2.52 £ .09
Radiolead 2.50 £ .04
Iron 1.34 £ .03 1.36 £ .03 1.27 £ .04 1.38 £ .04
Copper 1.44 £ .03 1.49 £ .03 1.42 £ .02 1.44 £ .04
Note: All errors given In present values are statistical
In nature.
^MacGregor, et al., op. clt., pp. 726-734.
4 .R. E. Graves and R. W. Davis, Cross Sections for
Nonelastic Interactions of 14 Nev Neutrons with Various
Elements," The Physical Review, XCVII (1955), 1205.
H^. L. Taylor, 0. LonsJo, and T. V. Bonner, "Nonelastic 
Scattering Cross Sections for Past Neutrons," The Physical 
Review, C (1955), 174-180.
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samples. Now,
s y  (R / * f  :jtR2(1 /^/R)2 (68)
For fourteen (14) MeV neutrons, ^ ■ 1.22 fermis, and for 
lead, R - 8 fermls, depending upon the value of R^ used. 
Therefore,
0^„ ? 4.2R2 (69)
Then
v = 4/3 "T?3 = g<C..3/2 (70)
where
g . 4/3 *r(4.2)3/2 (71)
)ord ■ (°*«*)rad = (°*#* ^ 206 " °~6'
( 2^<yj ~ <r~rJ* ^208 = ^ 8 *
Then, substituting In Equations (66) and (67), we obtain
<rQ3/2 = a<T63/2 ^ bc^3/2 y- c<7g3/2 (72)
and <Tr3/2 = a'ag3/2 y b*<r^ 3/2 / c'dg3/2 (73)
In order to be able to solve for the Pb 206 and Pb 208
cross sections, It la necessary to make some assumption about
the value of the Pb 207 cross section since It was not meas­
ured. It will be assumed that
V2C* = V206 / V206 (74)
2
<r?3/2 = <^3/2 / <7^ 3/2 (75)
2
Substituting Equation (75) into Equations (72) and (73) gives
<7*03/2 ■ (a / t>/2)«63/2 / (= / b/2)O03/2 (76)
«rr3/2 - (a- / b'/2)»g3/2 / (c> / b'/2)°83/2 (77)
For the samples used, the values of the constants are a = .252, 
b - .217# c = .517 for ordinary lead# a' ■ .8825# b* = .0878, 
and c1 - .0292 for radiolead. Substituting these values In 
Equations (76) and (77) and solving for the nonelastic cross 
sections gives
The standard deviation In the nonelastic cross sections 
Is given by
Using the values of ordinary lead and radiolead found 
in Table XXI, the calculated values of the nonelastic cross 
sections for the Pb 206 and Pb 208 are, respectively,
2.50 £ .05 and 2.58 £ .09. The percentage difference between 
these two cross sections Is 3.2 £ 4.0 per cent.
The total cross sections were measured for the ordinary 
lead, radiolead# copper, and Iron. The transmission for the 
copper and for the Iron was measured using only a single thick 
ness. The transmissions for the two leads were measured 
using three thicknesses. Two sets of data for the single
C7q = (1.675 *0^ 3/2 - 0.652 xoj.3/2)2/3 (78)
<r6 * (1.1308 x«rr3/2 _ 0.1322 x cg3//2)2/3 (79)
*<r8 = 1 (2.806<ro*ro2 / 0.425<rr<i^2)* (80)
(81)
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thickness were measured for the radiolead in order to deter* 
mine the reproducibility of the data. These measurements were 
made at a bias of 12.6 MeV, using counters. Therefore, no 
dead-time corrections were necessary. The results of these 
measurements are shown In Table XIII. As can be seen, the 
two separate radiolead measurements for a single thickness 
differ by only 0.4 per cent, Indicating that the results 
are reproducible within the limits of normal statistical 
fluctuation. To determine the effect of random fluctuations 
in the count, the same procedure Is used as was used with 
the nonelastic cross section data. These results are shown 
in Table XIV. As Table XIV shows, the deviation due to 
random fluctuation In the total count Is, in all cases, 
larger than the standard deviation computed from the meas­
ured data. This indicates that the deviations observed are 
attributable, almost entirely, to the random fluctuation in 
the total count.
Pig. 15 shows the total cross section plotted as a 
function of the normalized thickness. A correction has been 
applied to this data to account for small angle single scat­
tering by the sample Into the detector. The residual slope 
after the single scattering correction has been made is due 
primarily to the effect of multiple scattering in the sample. 
For the case of the ordinary lead, the percentage decrease 
In the total cross section between thicknesses 1 and 2 is 
0.36 per cent and for the case of the radiolead, It is O.63 
per cent. In order to correct for the multiple scattering
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Table XIII. Total Cross Sections as Measured.
Element Thickness (Normalized) Total Cross Section
In Barns
Ordinary
lead
Radiolead 
Radiolead
Copper 
Iron
Note: Each of the sets of data shown consists of ten runs.
1 5.256 / .066
2 5.2^7 7 .064
3 5.256 £ *029
1 5.162 £ .089
1 5.135 / .054
2 5.103 7 .056
3 5.056 2 *08^
1 2.897 £ .033
1 2.541 £ .046
Table XIV. Approximate Deviations in the Total Cross
Section of Lead due to Random Fluctuations In 
the Total Count.
Thickness N T dT 4fT tr/ftO
(Normalized)
1 20,000 .80 .009 .27 .09
2 20,000 .64 .007 .26 .08
3 20,000 .52 .006 .27 .09
T
O
T
A
L
 
CR
OS
S 
SE
CT
IO
N 
IN 
B
A
R
N
S
5.4 - 
5 .3  ■ 
5 .2  ■
5.1 ■
5 . 0  ■ 
0
FIG. I
DEVIATIONS INDICATED ARE STATISTICAL
ORDINARY LEAD
RADIO LEAD
J_ _ _ _ _ _ _ _ L
I 2 3
NORMALIZED THICKNESS
TOTAL CROSS SECTION AS A FUNCTION OF THE THICKNESS 
FOR THE ORDINARY AND RADIOLEAD.
72
effect, the cross sections for the single thickness were 
Increased by the percentages given above. These values 
along with the values from other papers are given In Table XV. 
As can be seen In this table, the values obtained In this 
experiment appear In reasonable agreement with the values 
previously obtained by others.
I
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Table XV. Comparison of 14 MeV Total 
ments.
Cross Section Measure-
Element A Cross
in
Section
Barns
Reference
Iron 55.9 2.54 £ .05 present
2.52 £ .06 Vervier6
2.60 £ .05
7
Coon1
Copper 63.5 2.90 £ .03 present
2.88 £ .06 Vervler^
2.96 £ .06
7
Coon'
Ordinary
lead
207.2 5.27
5.33
£
£
.07
.1
present
Vervler6
5.48 £ .11 Coon^
5.40 £ .08
Q
Conner
4.97 £ .27 Lasday^
Radiolead 206.2 5.18 £ .04 present
5.40 £ .11 Coon*^
6J. P. Vervler and A. Martegani, "Sections Efficaces 
Totales pour das Neutrons d'Energies voislne de 14 Mev," 
Nuclear Physics, VI (1958), 260.
^J. H. Coon, E. R. Graves, and H. H. Barschall, "Total 
Cross Sections for 14 Mev Neutrons," The Physical Review, 
LXXXVIII (1952), 562-564. -----------
Q
J. P. Conner, "Total Neutron Cross Sections near 
14.1 Mev," The Physical Review, CIX (1958), 1268-1272.
A^. H. Lasday, "Total Nedtron Cross Sections of 
Several Nuclei at 14 Mev," The Physical Review, LXXXI (1951), 
139.
CHAPTER VI
CONCLUSIONS
As determined from the measurement of the nonelastic 
crosB sections of Pb 206 and Pb 208, no significant deviation 
from the constant density theory appears to be present. The 
percentage difference between the two cross sections was 
found to be 3-2 £ 4.0 per cent. Even at Its upper limit, 
this difference Is less than half that predicted by the 
one-body alpha decay theory.
Aside from the predictions of the one-body alpha decay 
calculations, there was no basis for assuming that the radii 
of the nuclei In question exhibited a large anomaly. On the 
contrary, there Is now evidence which Indicates that an 
assumed shrinkage of the radius to account for the long half- 
life of Po 210 is no longer necessary.
Rasmussen^ has calculated the barrier penetration, re­
duced width, and a radius R^ , using the WKB approximation
p
and an alpha nuqlear potential given by Igo. The radius R^
Is the inner classical turning point where the Integrand
^John 0. Rasmussen, "Alpha-Decay Barrier Penetrabil­
ities with an Exponential Nuclear Potential: Even-Even Nu­
clei," The Physical Review, CXIII (1959)# 1593.
20. Igo, "Optical Model Potential at the Nuclear Surface 
for the Elastic Scattering of Alpha Particles," Physical 
Review Letters. I (1950)# 72.
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vanishes. He found for Po 210, * 9.20 fermls and for
Po 212, * 9.35 fermls. The percentage difference In the
squares of these radii is 3*8 per cent. A comparison of this 
difference to that found in this experiment is, at best, 
crude due to the per cent error in the measured difference of 
the cross sections. It would be presumptuous to draw any 
conclusion from this comparison, but the close agreement of 
the results was felt to be worth noting.
Nang's calculated reduced widths were compared to those 
of Rasmussen and gave results which agreed well with the 
general features of the experimental data, especially the 
behavior of the reduced width when crossing the neutron 
number 126.
In addition, Kerlee, Reynolds, and Ooldberg have meas­
ured the radii of Pb 206 and Pb 208, using the elastic 
scattering of heavy i o n s .3 Their results also indicate 
that no anomaly exists in the radius of the Pb 206 Isotope.
On the basis of these results, it can be concluded with 
reasonable certainty that no anomaly between the Pb 206 and 
Pb 208 radii of the order of magnitude which is predicted 
by the one-body alpha decay theory exists.
D^. D. Kerlee, H. L. Reynolds, and £. Goldberg, 
"Elastic Scattering of Heavy Ions by Pb 206, Pb 207, and 
Pb 208," The Physical Review, CXXVII (1962), 1224.
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APPENDIX I
COMPUTER PROORAMS 
Transmission Program
The output of the analyzer consisted of the first one 
hundred (100) channels printed out on tape. This data was 
transferred to IBM cards:
Columns 1-3 contained the channel number
Columns 5-8 contained the counts per channel
Only channels 20 through 100 were transferred to cards. Por 
the work done in this experiment, this required about 50,000 
data cards. The time required to transfer this amount of 
data to cards was approximately three months. This method, 
although highly inefficient, proved to be the only feasible 
means of getting the data onto computer cards.
In transferring this much data to cards, the probability 
of error became quite large. In order to minimize this, the
cards were checked in the program for the proper order and
also to determine if the correct number of channels had been 
read in. The data on the cards were also verified by the key 
punch operators. In this way it was possible to keep errors 
in the transfer of the data to a minimum.
The symbols used in this program are:
NSTAR: channel number at which computation is
to start
80
81
NSTOP: channel number at which computation Is 
to end
ITER: number of channels shifted to start 
next computation
IQ: channel number
A,B,C,D,: data number In A conversion
INBK: background run number
INOFF: sphere-off run number
INON: sphere-on run number
SZN: sum of background counts
SNA: sum of sphere-off counts
SNB: sum of sphere-on counts
T: transmission
This program compiled In Fortran II will read about one 
hundred eighty (180) cards per minute and required about 
one minute to punch the answers. The total computing time 
for all the transmissions was about twenty (20) hours.
DIMENSION ZN(IOO). ZA(lOO), ZB(lOO), IZN(lOO), IZA(lOO), 
DIMENSION IZB(IOO)
READ 150, NSTAR, NSTOF, ITER 
150 FORMATf12,IX,12,IX,12)
4 DO 1 121,81 
M=101-I 
IX=1
READ 451, IQ, A,B,C,D,INBK 
451 F0RMAT(1X,I2,1X,4A1,51X,I3)
00 TO 400 
400 L=100.*A-70.
IF (B), 20,21,20
21 IF (IX-2 )500,501,502
20 K*100.*B
L=10*L/K-70
IF(C)22.23,22
23 IF(lX-2)500,501,502
22 K=100.*C 
L*10*L/k-70 
IF(D)24,25j24
24 K=100.*D
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L=10*L/k-70 
25 IP(IX-2)500,501,502
500 IZN(M)=L 
IP(IQ-M>200,1,200
200 IF{m -100)101, 1,101
1 ZN(m )=IZN(M)
00 TO 2
101 PRINT 152,M,INBK
152 PORMAT(12HCHANNEL NO. ,I3,22H MISPLACED IN RUN NO. ,13,
5H(BK0))
PAUSE 
00 TO 4
107 PAUSE
2 READ 350
350 FORMAT(20H )
D05I*l,8l
M=101-I
READ 451,IQ,A,B,C,D,INOFF 
IX*2
00 TO 400
501 IZA(M)=L
IP(IQ-M>201,5,201
201 IF(M-100)103,5,103
5 ZA(m )=IZA(M)
00 TO 6
103 PRINT 153,H,INOPP
153 FORMAT(12HCHANNEL NO. ,I3,22H MISPLACED IN RUN NO. ,13,
7H(S OPP))
104 READ151,J,NP0D,MP0D
151 FORMAT (1X,I2,1X,I4,51X,I3)
IP(J-20)104,105,104
105 READ151,J,NP0D,MP0D 
IF(J-20J105,107,105
6 D07I-1,S1 
M-101-I
READ 451,IQ,A,B,C,D,INON
IX-3
00 TO 400
502 IZB(M)«L
IP (IQ-M >202.7,202
202 IP(M-100)108,7,108
7 ZB(M)=IZB(M)
00 TO 8
108 PRINT 154,M,IN0N
154 FORMAT(12HCHANNEL NO. ,I3,22H MISPLACED IN RUN NO. ,13,
6h (S ON))
109 READ 151,J,NP0D,MP0D 
IP(J-20)109,107,109
8 SZN-O.
SZA-O.
SZB-O.
PUNCH 305
305 P0RMAT(/7)
PUNCH 350
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PUNCH 300
300 FORMAT(/2X,6HBKa N0,12X,6H0FF NO,13X,5HON NO, l4X, 4HBIAS ) 
PUNCH 301
301 FORMAT (7X,7HBKQ SUM,11X,7H0FF SUM,12X,6H0N SUM,13X,
5HTRANS//)
N2-101-NSTAR
Nl«l
9 D010K*N1,N2 
M-101-K
szn-szn/£n (m ;
SZA«SZA/ZA(M'
10 SZB-SZB/ZB(M,
T-SZB/SZA
PUNCH 155#INBK,INOFF,INON,M
155 F0RMAT(5X,13#15X,13#15X,13,15X,13)
PUNCH 156.SZN,SZA,SZB,T
156 F0RMAT(F14.0,4X,Fl4.0,4X,Fl4.0,4X,Fl4.8)
N1-N2/1 
N2-N1/ITER-1 
IF(N2-101/ttST0P)9,9,2 
END
Elastic Transport to Elastic Cross Section Program
This program Is a twenty-seven (27) point single numer­
ical integration of Equation (43). The Input data consisted 
of the angle In degrees and the differential elastic cross 
sections of Iron, copper, lead and bismuth In mllllbams 
per steradian.
The symbols used In this program are:
Theta: angle
A(l,l): differential elastic cross section of Iron
A(2,I): differential elastic cross section of 
copper
A(3#l): differential elastic cross sections of
lead
A(4,I): differential elastic cross sections of
bismuth
e
SF1: mdm
SF2: 0g/ft) ^r
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DIMENSION THETA(30),A(4,30),F2A(4,30),F1A(4,30),S(4) 
PRINT25
25 FORMAT?25H CALCULATION OF THE RATIO)
PRINT26
26 FORMAT?50H OF THE ELASTIC TRANSPORT TO ELASTIC CROSS
SECTION)
D02I«1,27
READl,THETA?l),A?l,l),A?2,l),A?3,D,A?4,l)
1 FOHMAT(F4.0,1X.F5.0,1X,F5.0,1X,F6.0,1X,F6.0)
2 THETA(I)=THETA(I)*3.1415927/180. 
d o4k »i ,4
D03I-1,27
F2A?K,I)-A(K.I)*SIN(THETA(I)) 
F1A(K,I)-F2A(K,I)*(1.-C0S(THETA(I)))
K,I
K,20
K,20)
SF2-0.
SF1*0.
D05I«1,19,2
SF2-SF2/6.6666667*F2A(K, I)
5 SF1-SF1/6.6666667*F1A(K,l) 
D06l«2,l8,2
SF2«SF2/3.3333333*F2A?K,I)
6 SFl=SFl/3.3333333*F1A(k ,I) 
D07I«21,27,2
SF2«SF2/l3.333333*F2A(K,I)
7 SF1-SF1/13.333333*F1A(K,I) 
D08l-22,26,2 
SF2«SF2/6.6666667*F2A
8 SFl«SFl/6.6666667*F1A 
SF2«SF2/3.3333333*F2A 
SF1-SF1/3.3333333*F1A 
S(K)=SF1/SF2 
TOTO(Xl,12,13,l4),K
11 PRINT21,S(K)
21 FORMAT? 4HIR0N, 3X, Fl4.8)
00 TO 4
12 PRINT22,S?K)
22 F0RMAT?6HC0PPER,1X,F14.8) 
00 TO 4
13 PRINT23.S?K)
23 FORMAT?4HLEAD,3X,F14.8)
00 TO 4
14 PRINT24,S?K)
24 F0RMAT?7HBISMUTH,F14.8)
4 CONTINUE
END
Correction for Energy Loss on Elastic Scattering Program
This program Is a numerical solution of Equations ?40), 
(41), and (42). The energy division was split into twenty ?20)
85
groups of 0.1 MeV each. The correction factors were computed 
for six biases.
The symbols used in this program are:
SIOEl(l): differential elastic cross sections in 
barns per steradian
ALPHA(I): angle in degrees
EFF(I,L): efficiency as a function of energy and 
bias
SIGTO: total cross section in bams
A1,A2: masses of projectile and target nucleus
R1,R2: inner and outer radii of sphere in cm.
P: escape probability
CONV: ratio of macroscopic to microscopic 
cross section
EO: initial energy of projectile in MeV
CORR: correction, factor
PRINT 1
1 FORMAT (53H CORRECTION FOR ENEROY LOSS DUE TO ELASTIC 
SCATTERING1) —
DIMENSION SIQE1(17),ALPHA(17 ),EFF(6,20),ENO(20),TS(20) 
DIMENSION ASIN(17),ACOS(17 ) ,AC0S2(17),FUN(17),FACT(17) 
DO 3 L»l,20
READ 50,EFF(1,L),EFF(2,L),EFF(3*L),EFF(4,L),EFF(5,L),
eff(6,l )
F0RMAT(F4.3,2X,F4.3,2X,F4.3,2X,F4.3i2X,F4.3,2X,F4.3)
3 CONTINUE 
85 READ 55
55 F0RMAT(10H )
READ 51«SI0T0,A1.A2,R1,R2,S,P 
51 F0RMAT(F5.3t2X,F8.6,2X,F7.3,2X,F6.4,2X,F6.4,2X,F7.6,2X,
F4.3)
READ 6l,C0NV 
61 F0RMAT(F8.7)
READ 53#E0 
53 FORMAT(F6.3)
R1«R1*C0NV 
R2-R2*C0NV 
DO 2 I«l,17
READ 52,ALPHA(I),SI0E1(I)
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52 F0RMAT(F4.0,2X.F5.3)
ALPHA(I)=ALPHA(I )*.017U5328 
ASIN(l)-SINP(ALPHA(l))
ACOS(IJ-COSF(ALPHA(IJ)
2 AC0S2(I)*ACOS(I)*ACOS(I)
XaR2-Rl 
Q«l.-P 
Z*Al/( A1/A2 )
W»(A2-A1)/( A2/A1)
T-EXPF(-SIOTO*X)
DO 75 1*1,17
FUN(I)-(Z*ACOS(I)/SQRTF[ZZ*AC0S2(I)A ))*#2 
75 FACT(I)=6.28310*.17 45328*SIOEl(I)*ASIN(I)/SIOTO
DO 4 L*l,20
t s(l )*o .
AL*L
4 ENO(L)*E0-0.1*AL
DO 5 1*1,17
60 T1«(1.-T)*FACT(I)
El«EO*FUN(l)
L=0 
8 L-L/l
IF(ABSF{EN0(L)-E1)-.1)6,6,7 
7 IF(L-20)8,9,9
6 TS L)«TS(L)/T1
5 CONTINUE 
PRINT 1 
PRINT 20
20 F0RMAT(47H DISTRIBUTION OF ELASTICALLY SCATTERED
NEUTRONS)
PRINT 71
71 FORMAT(25H ENEROY NUMBER)
DO 21 L»l,20
21 PRINT 22#EN0(L),TS(L)
22 F0MIAT(F10.3,4X,F10.5 )
PRINT 55
PRINT 31
31 FOHMAT(53HIB CORRECTION TRANSMISSION
SUMES)
DO 30 IB«1#6 
SUNS*0.
SUMES=0.
DO 25 L-1,20 
SUME-SUME/TS(L)
25 SUMES*SUMES/KFF(IB,L)*TS(L)
CORR« ( T/SUMB*P )/( T/SUMES*P )
PRINT 32JIB1C0RR#T,SUNB4SUMES
32 F0RMAT(I2,4X,F12.7,4X,F12.7,4X,F12.7,4X,F12.7)
30 CONTINUE
IF(208.990-A2)89,89,90 
90 00 TO 85
89 CONTINUE 
END
SUME
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Total Cross Section Program
This program is a numerical solution of Equation (12). 
The symbols used in this program are:
CX(l): thickness of scatterer in cm.
CCONV(l): ratio of macroscopic to microscopic 
cross section
CSIGE(I): differential elastic cross section at 
zero degrees in bams per steradlan
NUMB: the number of cross sections to be used 
in the computation of the mean value
NEIiE: element code number (1-iron, 2-copper, 
3-ordinary lead, 4-radio lead)
AME,AM2: A conversion format for name of element
NBIAS: bias number
TOBS: observed transmission
A: thickness of scatterer (normalized)
1
50
2)=l!27025
FUNCH1
PORMAT(34HCALCULATION OP TOTAL CROSS SECTION) 
DIMENSION CX(5),CCONV(5),CSIOE(5),SIOT(l5) 
CX(1)-1.20523 
CX '2J-1.20675 
ex 3)=1.27068
CX
CCONV 
CCONV 
CCONV 
CCONV 
C3IGE 
CSIOB 
CSIOEl
csiasi
C=l.
Nl-0 
N2-0
READ 2,NUMB 
P0RMAT(I2)
L=0
PUNCH 102
=.0843392 
-.0846553 
*.0330880 
-.0329383 
=2.40 
-3.85 
•12.59 
)-12.59
102
30
3
100
4
5
9
10
24
26
27
25
101
31
40
41
42
43
888
88
P0RMAT(53HKUN no nbias transmission cross section 
THICKNESS)
READ 3tNELB,AME,AM2,NHUN,NBIAS,TOBS,A 
P0RMAT(I1,A4,A4,I3#2X,I1,2X,P7.6,2X,P2.0)
PUNCH 100, AME, AM2 
P0RMAT(A4,A4)
NA=A
IP(NELE-Nl)5#4,5 
IP(NA-N2)5.?,5 
X*A*CX(NELE)«CCONV(NELE)
C0N3T-(CSI0E(NELB)/i )*•0003711708
sioto«(loof( l. /rofis) )A
T0«KXPF(-SIOTO*X)
TCAL«TO/( (1. -TO)*(1. -TO)*CONST)/(SIOTO*SIOTO ) 
ERR-TOBS-TCAL
IP(ABSP(ERR)-.0001)25,25,24 
IP(ERR)26,26,27 
SIOTO-SIOTO/ABSP(ERR)*C 
00 TO 10
SIOTO«SIOTO-ABSP(ERR)*C
00 TO 10
L«L/1
PUNCH 101,NRUN,NBIAS.T0BS,SI0T0,A 
PORMAT(I3,5X,I2,5X,p8.6,7X,P9.6,7X,P3.0)
siot(l )-sioto
N1«NBLE 
N2 "NA
IP(L-N0MB)3O,31#3O
SI0AV-0.
A J-NUMB
DO 40 K«1,NUMB
SIOAV-SIOAV/SIOT(K)
SIOAV *SIOAV/A J 
SDIV2-0.
DO 41 K-1,NUMB 
DIV«SiaT(K)-SIOAV 
DIV2-DIV*DIV 
SDIV2 *SDTV2/bIV2 
SD*SQRTP(SDIV2/(AJ*(AJ-1. )))
PE«.6745*SD 
PUNCH 42
PORMAT(50HMEAN CROSS SECTION STD DIV PROB ERR 
NUMBER
PUNCH 43,SIOAV,SD,PE,NUMB 
PORMAT(P10.7,10X,P10.7 #2X,P10.7#2X,12)
PUNCH 888 
PORMAT(//)
00 TO 50 
END
ifoiuflastlc Cross Section Program
This program is a numerical evaluation of Equation (37), 
including Equations (**8), (55)* (56), and (57).
The symbols used in this program are:
CORR(I): correction factors as obtained 
from program 3
CRl(l): inner sphere radius in cm.
CR2(I): outer sphere radius in cm.
CCONV(I); ratio of macroscopic to micro­
scopic cross section
CSIOT(I): total cross section in bams
CS(I): ratio of elastic transport to 
elastic cross section
BCON(I):
01, 02, 03, 04, 05: coefficient in exponential
NELE:
AME,AM2:
NKUN:
NBIAS:
TOBS:
COUNT:
TIMOP:
TXMON:
REF:
series expansion
element code number
A conversion format for element 
name
run number
bias number
observed transmission
^(EjdE
time of sphere-off run in minutes
time of sphere-on run in minutes
reference channel number corre­
sponding to 14 MeV
PRINT 1
1 P0RMAT(4lft CALCULATION OF NON ELASTIC CROSS SECTION)
90
DIMENSION R(11),THETA(19),ASIN(19),ASIN2(19),ACOS(19), 
Y(ll,19) %
DIMENSION FUN(11,19)4C0RR(5,6)
DIMENSION CR1{5),CR2(5),CC0NV(5),CSIOT(5),CS(5) 
DIMENSION SI0I(15)
DIMENSION BCONl5) .__* - *. > r '
[l
1
CORR 
CORR 
CORR 
CORR 
CORR 
CORR 
CORR 
CORR 
CORR 
CORR 
CORR 
CORR 
CORR 
CORR 
CORR 
CORR 
CORR 
CORR 
CORR 
CORR 
CORR 
CORRi4
1
1
1
1
2
2
2
2
2
2
3
3
3
3
3
34 
4 
4
CORR 
CORR 
CORR 
CORR 
CORR 
CORR 
CORR 
CORR 
CR1 
CR1 
CR1 
CR1 
CR1 
CR2 
CR2 
CR2 
CR2 
CR2 
CCONV 
CCONV 
CCONV 
CCONV 
CCONV 
CSIGT
1)
2
3
4
5
6 
1 
2
3
4
5
6 
1 
2
=1.0144504 
*1.0109887 
-1.0094415 
-1.0078455 
=1.0061462 
=1.0049573 
-I.OI58568
1
2
■3
4
5 
1 
2
I
15}
*1.0119301 
*1.0103086  
* 1.0085882  
-1.0067033 
=1.0054124 
=1.0159695 
*1.0115607 
_ =1.0100322
4 -1.0086174
5 *1.0066105
6 =1.0053559 
1 =1.0159298 
2( *1.0115321
3)-1.0100074
4 =1.0085961
5 =1.0065942 
6)=1.0053427 
1 =1.0138192 
2)=1.0100127 
35=1.0086903
4)=1.0074646 
5* =1.0057280
6 =1.0046416 
3.9688
=3.9916 
=3.9929 
=3.9929 
=4.0132 
-5.0711 
=5.0584 
=5.4356 
•5.4356 
=5.4432 
1)*.0843392 
-.0846553 
*.0330880 
*.0329383
5)=.0281347 
(l)-2.5*U
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CSI0T(2)«2.879 
CSIOTte -5.185
i
CS 
CS 
CS 
CS(5 
BOON 
BCON 
BCON 
BCON I
801
800
80
28
88
775
57
3
csiorm-5.279
CSI0T(5 -5.324 
CS(l)».199942 
-.165286 
-.176182 
-.176182 
-.174141 
1)«.0009311 
-.0009381 
-.0004435 
-.0004415 
BC0N(5)«.0003714 
Q1-.5
02*-.16666667
03-.04166667
04--.0083
05*. 00138) 
Nl-0 
C-5.0
DO 5 J-1,19 
AJ-J-1 
THETA 
ASXN(
(j)-0./(. 1745328* AJ) 
. )-SII»(THBTA(J)) 
ASIN2(J)-ASIN(J)*ASIN(J)
CROSS SECTION TRANS ACT Pi)
ACOS(J)-COSF(THETA(J))
READ 800,NUMB 
P0HMAT(12)
PRINT 28
P0RMAT(46HRUN NO BIAS 
L-0
READ 2,NELE,AME,AM2,NHUN,NBIAS,TOBS,COUNT,TIM0F,TIM0N, 
REF
F0RMAT(I1,A4,A4,I3,2X,I1,2X,F7.6,2X,F4.2,2X,F5.2,2X,
P5.2,2X,P3.0)
PRINT 775*AME,AM2 
FORMAT!A4 A4)
ACO-(sJlc/fiEP)*COUNT*.0001*1.666666
TOBS-TOBS* (1. /( ACO*TOBS ) /THHOV )/(1. /( ACO/TIMOF ) )
IP(NELE-N1)3#23i 3 ,
R1-CR1(NELE)*CC0NV(NELE)
R2=CR2(NELBJ*CCONV(NELE)
SIOTO-CSIOT(NBLE)
S-CS(NELE)
H-BCON(NELE)
RR1«R1*R1 
RR2-R2*R2
X-R2-R1 
DO 4 1-1,11 
AI-I-1
R(I )-Rl/(. 1*(R2-R1) )*AI 
DEL-(R2-R1)*.0019392547
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DO 6 1-1,11 
DO 7 J-1,19
U«SQRTP(1.-RRl/(R(l)*R(I)))-ACOS(J)
IP(u )8,o ,9
8 A-O.
00 TO 10
9 A-2.
10 W— A*3QRTP(ABSP(RR1-R(I )*R(I )*ASIN2( J) ) )
Y(I,J)»-R(I)*AC0S(J)/SQRTP(RR2-R(I)*R(i )*ASIN2(J))A
Y(I,J)«Y(I,J)/R(I)-R1 
7 CONTINUE
6 CONTINUE
23 TACT-TOBS*CORR(NELE,NBIAS)
Nl-NELE
PISUN-O.
N-90
SI0IN-L00P(1 ./TACT) A  
30 SIOET-(SIOTO-SIOIN)*S 
SIQTR-SIOET/SIOIN 
TO-EXPP( -SIOTR*X )
IP(N-90)7J5,90,7fe 
90 AJ2-H*T0*(.555556*SIOTR-.466667*SIOET)
TACT-TACT/AJ2 
DO 12 1-1,11 
DO 13 J-lil9 
D-SIQTR*Y(I,J)
PUN(l,J)*
1 ((((((<*5*0/04)*D/03)*D/02)*D/01)*D-1.)*D/1.)*
ASIN(J)
13 CONTINUE 
12 CONTINUE
SUM-0.
DO 14 1-1,11.10
SUM-SUM/DBL* (PUN( 1,1 )/PUN( 1,19) )
DO 15 J*2,18,2
15 sum-sum/4.*del*fun(i ,j )
DO 16 J-3,17,2
16 SUM-SUM/2. #DEL*PUN( I, J )
14 CONTINUE
DO 17 1-2,10,2
SUM-SUM/4.*DEL*(PUN(1,1)/PUN(1,19))
DO 18 J-2,18,2
18 SUM=SUM/l6.*DEL*PUN(I,J)
DO 19 J*3#17,2
19 SUN-SUN/8.*DEL*PUN(I,J)
17 CONTINUE
DO 20 1-3,9,2
SUM-SUM/2.*DED*(PUN(1,1)/PUN(1,19))
DO 21 J-2,18,2
21 sum-sum/B.*del*pun(i ,j )
DO 22 J-3,17,2
22 SUM-SUM/4. *DEL*PUN( I, J)
20 CONTINUE
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745 CONTINUE
IF(3BNSB SWITCH 1)710,500 
710 IP(ABSF(FISUM-SUm J-.0001>500,500,501
500 M«504
00 TO 503
501 N«90
503 FISUM-SUM
504 Pl«SUM*SIOTR/( 2. * (1. -TO ) )
TCAL-1.-(1.-T0)*(SI0IN/(SI0IN/SI0ET*P1))
ERR-TACT-TCAL
IF(StiNSE SWITCH 2)199*300
199 PRINT 200
200 PORMAT(33H SIOIN ERROR PI)
PRINT 201,SIOIN,ERR,PI
201 P0RNAT(P11.6,2X,F11.8,2X,P11.8)
300 IF (SENSE SWITCH 3)405,600
405 PRINT 402,C 
402 FORMAT(2HCh,F8.5)
PRINT 404,SUN 
404 FORMAT(4HSUM*,Fl4.7)
PAUSE
600 IF(SENSE SWITCH 4)400,11
400 ACCEPT 401,C
401 F0RMAT(F8.5)
11 IF(ABSF(ERR)-.0001)25,25,24
24 IP(ERR)26,26,27
26 SI0IN«SI0IN/C*ABSF(ERR)
00 TO 30
27 SiaiN-SIOIN-C*ABSF(ERR)
00 TO 30
25 PRINT 29,NRUN,NBIAS,SIOIN,TACT,PI
29 F0RMAT(I3,5X,I1,5X,F10.7,5X,F9.7,2X,F9.7)
L-L/l
SIOl(L)-SIOIN 
IF(NUMB-L)88,802,88
802 SIOAV-O.
AJ-NUMB
DO 803 K-1,NUMB
803 SIGAV-SIOAV/SIQI(K)
SIOAV«SIOAV/AJ
SDIV2-0.
DO 804 K-l.NUMB 
DIY*SI0I(K)-SI0AV 
DIV2 ■DIV*DIV
804 SDIV2-SDIV2/DIV2 
SD-SQRTP(SDIV2/( AJ*(A J-1.)))
PE».6745*SD
PRINT 805
805 FORMAT( 50HMEAN CROSS SECTION STD DIV PROB ERR
NUMBER)
PRINT 806,SI0AV,SD,PE,NUMB
94
806 P0HMAT(F10.7,8X,F10.7,2X,F10.7,5X,I2) 
PRINT 088 
888 FORMAT (//)
00 TO 801 
END
95
APPENDIX II 
MEASURED AND CALCULATED DATA 
Differential Elastic Cross Sections for 14 MeV Neutrons1 
9° (cm) 0el(®) mb/str
Pe Cu Pb
5 2200 3260
10 2000 2700 7800
15 1500 1900 3450
20 1000 1300 1460
25 500 750 320
30 250 300 400
%
100
42
110
48
560
590
45 40 33 390
50 55 34 210
55 40 19 180
60 31 11 95
65 22 7 78
70 13 12 75
1 1
15
17
22
28 8
85 21 30 3190 25 26 16
100 12 11 37
110 10 8 26
120 6 12 12
130 13 13 16
140 12 9 27
150 10 9 15
160 12 10 18
170 8 10 30
Bi
7800
3900
1200
290
250
540
700
480
210
140
105
97
90
50
35
32
18
31
22
16
16
26
16
27
31
^Howerton, 0j>. Cit.
A
B
C
D
E
P
A
1
1
1
1
1
1
1
X
1
2
2
2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
Total Cross Section Data
Element Code 
Element Name 
Run Number
Observed Transmission
Normalized Thickness
Computed Total Cross Section In Barns
B c D
Iron
Iron
Iron
Iron
Iron
Iron
Iron
Iron
Iron
854
856
858
860
862
864
666
866
870
.770938
.771012 
.776670 
.764239 
.754926 
.778897 
.767175 
.773200 
.795710
Copper
Copper
Copper
Copper
Copper
Copper
Copper
Copper
Copper
Copper
834
836
838
840
842
844
846
848
850
852
.733359
.741591
.745110
.738029
.759821
.754199
.737326
.740140
.741794
.747193
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206
754
756
758
760
762
764
766
768
770
772
.799596
.806670
.807068
.799910
.814233
.803947
.816251
.808012
.800698
.802538
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206
774
776
778
780
782
784
786
788
790
792
.645956 
.650514 
.641324 
.673256 
.642032
.662123 
.650156 
.647851
E
ro
ro
ro
ro
ro
ro
fo
ro
ro
fo
A3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
B C
Lead 206 794
Lead 206 796
Lead 206 798
Lead 206 800
Lead 206 802
Lead 206 804
Lead 206 806
Lead 206 808
Lead 206 810
Lead 206 812
Lead 206 814
Lead 206 816
Lead 206 818
Lead 206 820
Lead 206 822
Lead 206 824
Lead 206 826
Lead 206 828
Lead 206 830
Lead 206 832
Lead 208 694
Lead 208 696
Lead 208 698
Lead 208 700
Lead 208 702
Lead 208 704
Lead 208 706
Lead 208 708
Lead 208 710
Lead 208 712
Lead 208 714
Lead 208 716
Lead 208 718
Lead 208 720
Lead 208 722
Lead 208 724
Lead 208 726
Lead 208 728
Lead 208 730
Lead 208 732
E
.572520 
.527742 
.544171 
.527847 
.515045 
.524205 
.510539 
.527405 
.512046 
.528277
.804131
.803459
.796614
.006735
.800921
.792966
.821428
.805466
.821159
.797231
.802741
.800590
.798776
.800440
.812380
.791443
.803316
.816368
.801659
.798922
.642880
.647157
.657095
.663863 
.632101 
.648503 
.630756 
.631903 
.646939 
.647975
CO OOCOCO 
mm 
CO 
CO CO 
CO 
H
H
H
r
l
H
H
H
H
H
H
 
H
H
H
H
H
H
H
H
H
H
 
OJCJCVJCVICJCVJOJCVJOJOJ
A4
4
4
4
4
4
4
4
4
4
B C D
Lead 208 
Lead 208 
Lead 208 
Lead 208 
Lead 208 
Lead 208 
Lead 208 
Lead 208 
Lead 208 
Lead 208
734
736
738
740
742
744
746
748
750
752
.503551 
.518866 
.519977
•515Z®§ .525608
.516486
.512050
.520170
.519775
.519590
m
m
m
m
m
m
cnonm
m
NonSlaStlc Cross Section Data
A: Element Number
B: Element Name
C: Run Number
D: Bias Number
E: Observed Transmission
P
0
H
I
J
Total Count x 105
Time in Minutes for Sphere Off Run
Time in Minutes for Sphere On Run
Reference Channel Corresponding to 14 MeV
Computed MtonSlastic Gross Section in Bams
B c D E P 0 H I
Iron 504 1 .848060 1.58 5.88 5.38 72
Iron 506 .858120 1.55 5.32 5.63 72
Iron 508 1 .857446 1.56 6.03 6.56 72
Iron 512 1 .840399 1.57 6.07 6.18 72
Iron 514 1 .864660 1.58 7.42 6.37 72
Iron 516 .856887 1.58 7.47 72
Iron 518 1 .838897 1.59 8.18 7.52 72
Iron 520 1 .816473 1.59 8.19 7.65 72
Iron 522 1 .843307 1.58 7.49 6.75 72
Iron 524 1 .831319 1.58 6.95 7.45 72
Iron 526 1 .854012 1.58 7.81 7.05 72
Iron 504 2 .858707 1.58 5.88 5.38 72
Iron 506 2 .868232 1.55 5.32 5.83 72
Iron 508 2 .864417 1.56 6.03 6.5b 72
Iron 512 2 .854752 1.57 6.07 6.18 72
Iron 514 2 .870564 1.58 7.42 6.37 72
Iron 516 2 .874619 1.58 7-00 7.47 72
Iron 518 2 *§5F5§ 1.59 8.18 7.52 72Iron 520 2 .848638 1.59 8.19 7.65 72
Iron 522 2 .867425 1.58 7.49 6.75 72
Iron 524 2 .858364 1.58 6.95 7.45 72
Iron 526 2 .854401 1.58 7.81 7.05 72
1.59*3
1.5019
1.5036
1.71*5
1.3667
1.5023
1.710B
2.0154
1.6506
I.8386
1.5111
1.4933
1.4096
1.4516
1.5640
1.3290
1.3152
1.5025
1.6227
1.3769
1.5214
1.5432
B C D
Iron 504 3
Iron 506 3
Iron 508 3
Iron 512 3
Iron 514 3
Iron 516 3
Iron 518 3
Iron 520 3
Iron 522 3
Iron 524 3
Iron 526 3
Iron 504 4
Iron 506 4
Iron 508 4
Iron 512 4
Iron 514 4
Iron 516 4
Iron 518 4
Iron 520 4
Iron 522 4
Iron 524 4
Iron 526 4
Iron 504 5
Iron 506 5
Iron 508 5
Iron 512 5
Iron 514 5
Iron 516 5
Iron 518 5
Iron 520 5
Iron 522 5
Iron 524 5
Iron 526 5
.869232
.878639
.876661
.873172
.882545
.885582
.867456
.869097
.866663
.865237
.864542
.868385
.882792
.876845
.885058
.880885
.885643
.874215
.878694
.878618
.873911
.870311
.868726
.894976
.884494
.895314
.887558
.896318
.871154
.879125
.882838
.879651
.870560
P Q H I J
.58 5.88 5.38 72 1.3755
.55 5.32 5.83 72 1.2961
.56 6.03 6.56 72 1.3143
•57 6.42 7.16 72 1.3592
.58 7.42 6.37 72 1.1966
.58 7.00 7.47 72 1.1959
.59 8.18 7.52 72 1.3956
.59 8.19 7.65 72 1.3773
.58 7.49 6.75 72 1.4031
.58 6.95 7.45 72 1.4503
.58 7.81 7.05 72 1.4300
.58 5.88 5.38 72 1.4033
.55 5.32 5.83 72 1.2615
.56 6.03 6.56 72 1.3285
•51 6.42 7.16 72 1.2290
.58 7.42 6.37 72 1.2341
.58 7.00 7.47 72 1.2121
.59
.59
8.18
8.19
7.52
7.65
72
72
1.3277
1.2748
.58 7.49 6.75 72 1.2707
.58 6.95 7.45 72 1.3581
.58 7.81 7.05 72 1.3741
.58 5.88 5.38 72 1.4172
.55 5.32 5.83 72 1.1300
.56 6.03 6.56 72 1.2523
•57 6.42 7.16 72 1.1219
.58 7.42 6.37 72 1.1700
.58 7.00 7.47 72 1.1000
.59 8.18 7.52 72 1.3843
.59 8.19 7.65 72 1.2876
.58 7.49 6.75 72 1.2365
.58 6.95 7.45 72 1.3052
.58 7.81 7.05 72 1.3892
100
A B c D
1 Iron 504 6
1 Iron 506 6
1 Iron 508 6
1 Iron 512 6
1 Iron 514 6
1 Iron 516 6
1 Iron 518 6
1 Iron 520 6
1 Iron 522 6
1 Iron 524 6
1 Iron 526 6
2 Copper 401 1
2 Copper 403 1
2 Copper 485 1
2 Copper 487 1
2 Copper 409 1
2 Copper 491 1
2 Copper 493 1
2 Copper 496 1
2 Copper 498 1
2 Copper 500 1
2 Copper 502 1
2 Copper 510 1
2 Copper 401 2
2 Copper 483 2
2 Copper 405 2
2 Copper 407 2
2 Copper 409 2
2 Copper 491 2
2 Copper 493 2
2 Copper 496 2
2 Copper 490 2
.874997
.899174
.892498
.901791
.890726
.894988
.801025
.804903
.008647
.804471
.874681
.856809
.864690
.862346
.871343
.887460
.860025
.830320
.867678
.851111
.879840
.883737
.865767
.860954
.867801
.863703
.873317
.868943
.858936
.840783
.860856
.864558
58
55
56
57
58
58
59 
59 
58 
58 
58
55
56
57 
61 
63 
70
54 
53
52
53
55 
57
55
56
57 
61 
63 
70
54 
53 
52
G H I J
5.88 5.38 72 1.3508
5.32 5.83 72 1.0918
6.03 6.56 72 1.1668
6.42 7.16 72 1.0565
7.42 6.37 72 1.1289
7.00 7.47 72
8.18 7.52 72 I.2744
8.19 7.65 72 1.2290
7.49 6.75 72 1.1779
6.95 7.45 72 1.2583
7.81 7.05 72 1.3503
11.41 11.87 71 1.5132
12.17 11.28 72
11.70 11.66 72 1.4369
12.27 11.68 72 1.3165
11.74 11.41 73 1.1166
12.63 13.29 71 1.4722
12.16 11.20 71 1.8537
8.58 6.50 71 1.3319
7.12 7.14 71 1.5942
5.81 6.06 72 1.2347
6.04 6.13 72 1.1795
6.0? 6.18 72 1.4103
11.41 11.87 71 1.5022
12.17 11.28 72 1.4017
11.70 11.66 72 1.4662
12.27 11.68 72 1.3304
11.74 11.41 73 1.3927
12.63 13.29 71 1.5293
12.16 11.20 71 1.7556
8.58 6.50 71 1.4632
7.12 7.14 71 1.4609
101
OJ 
CVJ 
CVi 
CM 
CM 
CM 
CM 
CM 
CM 
CM 
CM 
CM 
CM 
CM 
CM 
CM 
CM 
CM 
CM 
CM 
CM 
CM 
CM 
CM 
CM 
CM 
CM 
CM 
CM 
CM 
CM 
CM
B C D
Copper 500 2
Copper 502 2
Copper 510 2
Copper 481 3
Copper 483 3
Copper 485 3
Copper 487 3
Copper 489 3
Copper 491 3
Copper 493 3
Copper 496 3
Copper 496 3
Copper 500 3
Copper 502 3
Copper 510 3
Copper 481 4
Copper 483 4
Copper 485 4
Copper 487 4
Copper 489 4
Copper 491 4
Copper 493 4
Copper 496 4
Copper 498 4
Copper 500 4
Copper 502 4
Copper 510 4
Copper 481 5
Copper 483 5
Copper 485 5
Copper 487 5
Copper 489 5
E
.873101
.872783
.863053
.868438
.867583
.871503
.868319
.869065
.859165
.846329
.856522
.869784
.876206
.870943
.860590
.872480
.878700
.873065
.864423
.873030
.861904
.855807
.856814
.877782
.878560
.868394
.865987
.874402
.882075
.876064
.865048
.873276
P 0 H I J
.53 5.81 6.06 72 1.3634
.55 6.04 6.13 72 1-2S6
.57 6.07 6.18 72 1.4885
.55 11.41 II.87 71 1.4223
.56 12.17 11.28 72 1.4222
.57
.61
11.70
12.27
11.66
11.68
72
72
1.3797
1.4156
.63 11.74 11.41 73 1.4068
.70 12.63 13.29 71 1.5442
.54 12.16 11.20 71 1.6995
.53 8.58 6.50 71 1.5377
.52 7.12 7.14 71 1.4110
.53 5.81 6.06 72 1.3413
.55 6.04 6.13 72 1.4030
.57 6.07 6.18 72 1.5385
.55 11.41 II.87 71 1.3904
.56 12.17 11.28 72 1.2992
.57 11.70 11.66 72
.61 12.27 11.68 72 1.4847
.63 11.74 11.41 73 1.3769
.70 12.63 13.29 71 1.5275
.54 12.16 11.20 71 1.5933
.53 8.58 6.50 71 1.5529
.52 7.12 7.14 71 1.3274
.53 5.81 6.06 72 1.3300
.55 6.04 6.13 72 1.4548
.57 6.07 6.18 72 1.4869
.55 11.41 II.87 71 1.3865
.56 12.17 11.26 72 1.2772
.57 11.70 11.66 72 1.3610
.61 12.27 11.68 72 1.4974
.63 11.74 11.41 73 1.3944
W 
CM 
CM 
CM 
CM 
CM 
CM 
fcJCM
CM
CM
CM
CM
CM
CM
CM
CM
CM
CM
 
fO
fO
m
nrO
O
O
rO
rO
 
CO 
CO 
CO 
CO
B
Copper
Copper
Copper
Copper
Copper
Copper
Copper
Copper
Copper
Copper
Copper
Copper
Copper
Copper
Copper
Copper
Copper
Copper
Copper
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206
Lead 206 
Lead 206 
Lead 206 
Lead 206
c D
491 5
493 5
496 5
498 5
500 5
502 5
510 5
481 6
483 6
485 6
487 6
489 6
491 6
493 6
496 6
498 6
500 6
502 6
510 6
533 1
537 1
541 1
549 1
554 1
558 1
566 1
570 1
533 2
537 2
541 2
549 2
.868766
.859614
.880147
.869860
.871078
.876078
.881521
.875702
.863052
.871955
.859483
.859951
.879975
.877580
.871096
.871265
.854018
.893740
.865482
.858425
.873043
.870499
.878289
.884306
.867668
: S I ?
.859906
70
54 
53
52
53
55 
57
55
56
57 
61 
63
70
54 
53
52
53
55 
57
45
52
44
44 
52 
55 
50 
47
45 
52 
44 
44
G H I J
12.63 13.29 71 1.4595
12.16 11.20 71 1.5643
8.58 6.50 71 i. 543.9
7.12 7.14 71 1.3418
5.81
6.04
6.06
6.13
72
72
6.07 6.18 72 1.4416
11.41 11.87 71 1.3794
12.17 11.28 72 1.2983
11.70 11.66 72 1.3798
12.27 11.68 72 1.5375
11.74 11.41 73 1.4255
12.63 13.29 71 1.4598
12.16 11.20 71 1.5803
8.58 6.50 71 1.5467
7.12 7.14 71 1.3342
5.81 6.06 72 1.3773
6.04 6.13 72 1.4548
6.07 6.18 72 1.4534
7.90 8.23 70 2.9537
8.20 7.06 71 1.9417
9.30 6.78 69 2.6422
7.66 7.16 69 2.8170
7.13 6.98 70 2.4761
7.49 7.81 70 2.5542
7.16 6.68 70 1.8600
6.82 7.52 70 2.2399
7.90 8.23 70 2.7080
8.20 7.06 71 2.0272
9.30
7.66
6.78
7.16
69
69
2.7576
2.6717
103
cncomm 
com
rorom
m
coco 
m
com
oacncoonm
 
mm 
mm 
on com
m
A B
Lead 206 
Lead 206 
Lead 206 
Lead 206
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206
c D
554 2
558 2
566 2
570 2
533 3
537 3
541 3
549 3
554 3
558 3
566 3
570 3
533 4
537 4
541 4
549 4
554 4
558 4
566 4
570 4
533
537
5
5
541 5
549 5
554 5
558 5
566 5
570 5
E
.876298
.868533
.882630
.883155
.870041
.894156
.876101
.867565
.877905
.868687
.885792
.880895
.876046
.890870
.880102
.867065
.877401
.876908
.881430
.886243
.876812
.887080
.873864
.868952
.875632
.878136
.883990
.888253
P G H I J
1.52 7.13 6.98 70 2.4880
1.55 7.49 7.81 70 2.6932
1.50 7.16 6.68 70 2.3204
1.47 6.82 7.52 70 2.3579
1.45 7.90 8.23 70 2.6818
1.52
1.44
8.20
7.30
7.06
6.78
71
69
2.0533
2.5066
1.44 7.66 7.16 69 2.7148
1.52 7.13 6.98 70 2.4806
1.55 7.49 7.81 70 2.7122
1.50 7.16 6.68 70 2.2763
1.47 6.82 7.52 70 2.4628
1.45 7.90 8.23 70 2.5654
1.52 6.20 7.06 71 2.1598
1.44 7.30 6.78 69 2.4394
1.44 7.66 7.16 69 2.7565
1.52 7.13 6.98 70 2.5223
1.55 7.49 7.81 70 2.5506
1.50 7.16 6.68 70 2.4099
1.47 6.82 7.52 70 2.3495
1.45 7.90 8.23 70 2.5886
1.52 8.20 7.06 71 2.2911
1.44 7.30 6.78 69 2.6314
1.44 7.66 7.16 69 2.7521
1.52 7.13 6.98 70 2.6063
1.55 7.49 7.8l 70 2.5626
1.50 7.16 6.68 70 2.3901
1.47 6.82 7.52 70 2.3386
mm 
com 
<»"> on men 
m
m
m
m
m
m
m
onm
m
m
m
m
on 
m
m
m
m
m
m
m
B C D
Lead 206 533 6
Lead 206 537 6
Lead 206 541 6
Lead 206 549 6
Lead 206 554 6
Lead 206 558 6
Lead 206 566 6
Lead 206 570 6
Lead 206 575 1
Lead 206 577 1
Lead 206 579 1
Lead 206 581 1
Lead 206 583 1
Lead 206 585
Lead 206 587 1
Lead 206 589 1
Lead 206 591 1
Lead 206 593 1
Lead 206 595 1
Lead 206 597 1
Lead 206 599 1
Lead 206 601 1
Lead 206 575 2
Lead 206 577 2
Lead 206 579 2
Lead 206 581 2
Lead 206 583 2
Lead 206 585 2
Lead 206 587 2
E
.878687
.888165
.873421
.872632
.878402
.893416
.864698
.866187
.868602
.850768
.895940
.863054
.874301
.873569
.875264
.869781
.880834
.883319
.8683; 
.87* _ 
.872011 
.865115 
.863049 
.875184
.892169
45
52
44
44 
52 
55 
50 
47
38
8
45 
47
46
47 
46
48
49
50 
50
38
39 
42 
45 
47
7.90
8.20
7.30
7.66
7.13
7.49
7.16
6.82
8.95
8.40
7.03
6.79
6.96
7.10
8.48
7.25 
6.59
6.26 
6.67 
6.71 
6.98 
7.26
8.95
8.40
7.03
6.79
6.96 
.10 
.48I
H I
8.23 70
7.06 71
6.78 69
7.16 69
6.98 70
7.18 70
6.68 70
7.52 * 70
8.68 68
8.45 68
6.48 69
5.90 69
7.53 69
6.81 69
7.41 70
6.60 69
6.08 69
6.83 69
6.73 70
6.81 69
7.00 69
7.67 69
8.68 68
8.45 68
6.48 69
5.90 69
7.53 69
6.81 69
7.41 70
2.5695
2.2913
2.6683
2.6884
2.5653
2.5479
2.4762
2.2423
2.6666
2.6406
2.5636
2.8844
3.1640
3.0179
1.8951
2.6964
2.4279
2.5003
2.4330
2.5674
2.2956
2.2491
2.6690
2.5182
2.5714
2.7224
2.8367
2.9490
2.0735
105
m
m
m
m
m
m
m
 
m
m
m
m
m
m
m
m
m
m
m
m
m
m
 
m
m
m
m
m
m
m
A B
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206
c D
589 2
591 2
593 2
595 2
597 2
599 2
601 2
575 3
577 3
579 3
561 3
583 3
585 3
587 3
589 3
591 3
593 3
595 3
597 3
599 3
601 3
575 4
577 4
579 4
581 4
583 4
585 4
587 4
E
.879125
.881378
.876612
.877067
.877619
.870189
.876418
.866991
.880644
.879211
.866824
.867786
.862140
.885795
.881001
.884520
.8X6940
.880097
.876878
.8J1758
.880078
.874339
.878048
.887269
.865700
.869136
.874453
.886350
P G
1.46 7.25
1.47 6.59
1.46 6.26
1.48 6.67
1.49 6.71
1.50 6.98
1.50 7.26
1.39 8.95
1.40 8.40
1.38 7.03
1.39 6.79
A * 6.96
1.45 7.10
1.47 8.48
1.46 7.25
1.47 6.59
1.46 6.26
1.48 6.67
1.49 6.71
1.50 6.98
1.50 7.26
1.39 8.95
1.40 8.40
1.38 7.03
1.39 6.79
1.42 6.96
1.45 7.10
1.47 8.48
H I
6.60 69
6.08 69
6.83 69
6.73 70
6.8l 69
7.00 69
7.67 69
8.68 68
8.45 68
6.48 69
5.90 69
7.53 69
6.81 69
7.41 70
6.60 69
6.06 69
6.83 69
6.73 70
6.81 69
7.00 69
7.67 69
8.68 68
8.45 68
6.48 69
5.90 69
7-53 69
6.81 69
7.41 70
J
2.3964
2.3478
2.5175
2.4802
2.4686
2.6434
2.5054
2.7334
2.4138
2.4293
2.7121
2.7521
2.6579
2.2558
2.3828
2.3040
2.5407
2.4387
2.5181
2.6368
2.4488
2.5841
2.5054 
2.2657 
2.7692 
2.7485 
2.5857 
2.2718
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m
m
m
m
m
m
m
 
m
m
m
m
m
m
m
m
m
m
m
m
m
m
 
m
m
m
m
m
m
m
A B
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206
D £
4 .879542
4 .887778
4 .882937
4 .680294
4 .879395
4 .878043
4 .885322
5 .876780
5 .878730
5 .888295
5 .864623
5 .868893
5 .872385
5 .884276
5 .881261
5 .887306
5 .885585
5 .882449
5 .879043
5 .879338
5 .890388
6 .876415
6 .881069
6 .888884
6 .868622
6 .872488
6 .876304
6 .888401
C
589
591
593
595
597
599
601
575
577
579
581
583
585
587
589
591
593
595
597
599
601
575
577
579
581
583
585
587
1 a H I J
46 7.25 6.60 69 2.4471
47 6.59 6.08 69 2.2554
46 6.26 6.83 69 2.4261
48 6.67 6.73 70
49 6.71 6.81 69 2.4866
50 6.98 7.00 69 2.5142
50 7.26 7.67 69 2.3525
39 8.95 8.68 68 2.5668
40 8.40 8.45 68 2.5306
38 7.03 6.48 69 2.2827
39 6.97 5.90 69 2.8375
42 6.96 7.53 69 2.7962
45 7.10 6.81 69 2.6776
47
46
8.48
7.25
7.41
6.60
70
69
2.3627
2.4474
47 6.59 6.08 69 2.3081
46 6.26 6.83 69 2.4042
48 6.67 6.73 70 2.4530
49 6.71 6.81 69 2.5367
50 6.98 7.00 69 2.5246
50 7.26 7.67 69 2.2736
39 8.95 8.68 68 2.6017
40 8.40 8.45 68 2.5005
38 7.03 6.48 69 2.2947
39 6.97 5.90 69 2.7653
42 6.96 7.53 69 2.7347
45 7.10 6.81 69 2.6086
47 8.48 7.41 70 2.2904
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m 
on mm 
mm 
on 
m
m
m
m
m
m
m
m
 
m
m
m
m
m
m
m
m
 
m
m
m
m
m
m
m
m
A B
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206
D E
6 .882123
6 .884497
6 .887322
6 .886880
6 .879043
6 .880205
6 .887675
1 .879600
1 .886612
1 .872792
1 .851379
1 .867877
1 .885433
1 .885330
1 .874001
2 .876833
2 .887541
2 .869135
2 .864439
2 .878104
2 .880012
2 .889886
2 .881212
3 .876675
3 .885272
3 .866983
3 .872367
3 .879538
3 .877690
3 .893348
3 .882836
C
589
591
593
595
597
599
601
604
608
612
616
620
624
628
632
6o4
608
612
616
620
624
628
632
604
606
612
616
620
624
628
632
F G H I J
.46 7.25 6.60 69 2.4527
.47
.46
6.59
6.26
6.08
6.83
69
69
2.4013
2.3888
.48 6.67 6.73 70 2.3730
.49 6.71 6.8l 69 2.5623
.50 6.98 7.00 69 2.5298
.50 7.26 7.67 69 2.3640
.42 8.24 6.58 69 2.2561
.37 7.74 6.94 68 2.1217
.41 6.46 6.64 68 2.4974
.44 7.16 7.4i 69 3.0228
.46 8.02 6.01 69 2.6009
.46 7.23 7.65 69 2.1980
.44 6.56 7.51 2.2269
.43 7.09 6.46 68 2.4297
.42 8.24 6.58 62 2.4133
.37 7.74 6.94 68 2.1900
.41 6.46 6.64 68 2.6770
.44 7.I6 7.41 69 2.7900
.46 6.02 8.01 69 2.4445
.46 7.23 7.65 69 2.4181
.44 6.56 7.51 70 2.2093
.43 7.09 6.46 68 2.3465
.42 8.24 6.58 69 2.4487
.37 7.74 6.94 68 2.2754
.41 6.46 6.64 68 2.7615
.44 7.16 7.41 69 2.6278
.46 8.02 8.01 69 2.4419
.46 7.23 7.65 69 2.5016
.44 6.56 7.51 70 2.1590
.43 7.09 6.46 68 2.3393
m
enm
cooopoonm
 
onm
m
oom
m
m
cn 
m
m
m
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onm
m
A B
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206 
Lead 206
4 Lead 208
4 Lead 208
4 Lead 208
4 Lead 208
4 Lead 208
4 Lead 208
4 Lead 206
4 Lead 208
D E
4 .877342
4 .879151
4 .876679
4 .873612
4 .878O67
4 .881583
4 .886717
4 .884775
5 .876344
5 .879183
5 .872311
5 .872793
5 .881535
5 .881778
5 .886375
5 .882606
6 .881925
6 .879397
6 .871867
6 .875669
6 .882617
6 .884066
6 .886455
6 .887151
1 .859169
1 .888866
1 .905151
1 .871904
1 .874063
1 .866070
1 .888712
1 .862025
C
604
608
612
616
620
624
628
632
604
608
612
616
620
624
628
632
604
608
612
616
620
624
628
632
535
539
547
552
556
560
564
572
F 0 H I J
.42 8.24 6.58 69 2.4618
.37 7.74 6.94 68 2.5546
.41 6.46 6.64 68 2.4511
.44 7.16 7.41 69 2.6269
.46 8.02 8.01 69 2.5062
.46 7.23 7.65 69 2.4412
.44 6.56 7.51 70 2.3451
.43 7.09 6.46 68 2.3219
.42 8.24 6.58 69 2.5276
.37 7.74 6.94 68 2.4920
.41 6.46 6.64 68 2.7023
.44 7.16 7.41 69 2.6885
.46 8.02 8.01 69 2.4645
.46 7.23 7.65 69 2.4781
.44 6.56 7.51 70 2.3948
2.4153.43 7.09 6.46 68
.42 8.24 6.58 69 2.4191
:S
7.74
6.46
6.94
6.64
68
68
2.5129
2.7393
2.6448.44 7.16 7.41 69
.46 6.02 8.01 69 2.4646
.46 7.23 7.65 69 2.4493
.44 6.56 7.51 70 2.4189
.43 7.09 6.46 68 2.3327
.50 6.94 6.93 70 2.8343
.47 7.77 6.62 70 2.0620
.45 7.92 8.22 69.
.48 6.27 6.77 69
.54 6.98 7.01 70 2.4704
.54 8.56 8.65 70 2.6588
.50 6.30 6.78 69 2.1434
.45 6.03 6.77 69 2.8050
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A B C D
4 Lead 208 535 2
4 Lead 208 539 2
4 Lead 208 547 2
4 Lead 208 552 2
4 Lead 208 556 2
4 Lead 208 560 2
4 Lead 208 564 2
4 Lead 208 572 2
4 Lead 208 535 3
4 Lead 208 539 3
4 Lead 208 547 3
4 Lead 208 552 3
4 Lead 208 556 3
4 Lead 208 560 3
4 Lead 208 564 3
4 Lead 208 572 3
4 Lead 208 535 4
4 Lead 208 539 4
4 Lead 208 547 4
4 Lead 206 552 4
4 Lead 206 556 4
4 Lead 208 560 4
4 Lead 208 564 4
4 Lead 208 572 4
4 Lead 208 535 5
4 Lead 208 539 5
4 Lead 208 547 5
4 Lead 208 552 5
4 Lead 208 556 5
4 Lead 208 560 5
4 Lead 208 564 5
4 Lead 206 572 5
.862793
.884060
.901597
.866585
.874180
.875273
.880365
.871187
.864481
.887302
.895405
.872769
.873466
.881523
.892771
.870196
.876980
.872351
.879787
.877568
.8
4624
.878136
.81
.881169
P G H I J
.50 6.94 6.93 70 2.8358
.47 7.77 6.62 70 2.2672
.45 7.92 8.22 69 1.9073
.48 6.27 6.77 69 2.7706
.54 6*98 7.01 70 2.5586
.54 8.56 8.65 70 2.5253
.50 6.30 6.78 69 2.4339
.45 6.03 6.77 69 2.6706
.50 6.94 6.93 70 2.8273
.47 7.77 6.62 70 2.2211
.45 7.92 8.22 69 2.0836
.48 6.27 6.77 69 2.6505
.54 6.98 7.01 70 2.6106
.54 8.56 8.65 70 2.5127
.50 6.30 6.78 69 2.4793
.45 6.03 6.77 69 2.7839
.50 6.94 6.93 70 2.6344
.47 7.77 6.62 70 2.3884
.45 7.92 8.22 69 2.1748
.48 6.27 6.77 69 2.7429
.54 6.98 7.01 70 2.5514
.54 8.56 8.65 70 2.6574
.5° 6.30 6.78 69 2.5007
.45 6.03 6.77 69 2.5761
.50 6.94 6.93 70 2.6256
.47 7.77 6.62 70 2.3559
.45 7.92 8.22 69 2.3159
.48 6.27 6.77 69 2.7335
.54 6.98 7.01 70 2.5651
.54 8.56 8.65 70 2.7255
.50 6.30 6.78 69 2.4883
.45 6.03 6.77 69 2.5306
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A B C D
4 Lead 208 535 6
* Lead 208 539 6
* Lead 208 5*7 6
4 .Lead 208 552 6
4 Lead 208 556 6
4 Lead 206 560 6
4 Lead 206 56* 6
4 Lead 208 572 6
4 Lead 208 606 1
4 Lead 208 610 1
4 Lead 208 614 1
4 Lead 208 618 1
4 Lead 208 622 1
4 Lead 208 626 1
4 Lead 208 630 1
4 Lead 208 634 1
4 Lead 208 606 2
4 Lead 208 610 2
4 Lead 208 614 2
4 Lead 208 618 2
4 Lead 208 622 2
4 Lead 208 626 2
4 Lead 208 630 2
4 Lead 208 634 2
4 Lead 208 606 3
4 Lead 208 610 3
4 Lead 208 6l4 3
4 Lead 208 618 3
4 Lead 208 622 3
4 Lead 208 626 3
4 Lead 208 630 3
4 Lead 208 634 3
.8755*7
.891086
.8912*5
.870970
.879831
.87*621
.886179
.882132
.861380
.87*371
.865568
.876*9*
.87*510
.8883*6
.867081
.8756**
.860671
.872895
.8760*7
,8o**63
.87**8*
.882827
.875*03
.87657*
.860356
.87*258
.877*01
.88*132
.882803
.88*555
.877377
.879869
F G H I J
1.50 6.9* 6.93 70 2.6516
1.47 7.77 6.62 70 2.2275
1.45 7.92 8.22 69 2.278*
1.48 6.27 6.77 69 2.7920
1.5* 6.98 7.01 70 2.5501
1.5* 8.56 8.65 70 2.6700
1.50 6.30 6.78 69 2.4225
l.*5 6.03 6.77 69 2.5335
1.32 6.*l 6.92 67 2.7980
1.40 7.17 7.06 68
68
2.*522
1.** 7.22 6.63 2.6*81
1.4* 8.09 7.13 69 2.3684
1.45 6.79 6.92 69 2.*623
1.45 6.75 6.83 69 2.1283
1.42 6.60 6.79 69 2.6469
1.41 6.93 6.84 68 2.4234
1.32 6.41 6.92 67 2.9072
1.40 7.17 7.06 68 2.5791
1.44 7.22 6.63 68 2.4829
1.44 6.09 7.13 69 2.2678
1.45 6.79 6.92 69 2.5539
l.*5 6.75 6.83 69 2.3508
1.42 6.60 6.79 69 2.53*6
1.41 6.93 6.84 68 2.*918
1.32 6.41 6.92 67 2.*959
1.40 7.17 7.06 68 2.5776
1.44 7.22 6.63 68 2.*817
1.44 8.09 7.13 69 2.3073
1.45 6.79 6.92 69 2.3824
1.45 6.75 6.83 69 2.3*08
1.42 6.60 6.79 69 2.518*
1.41 6.93 6.84 68 2.4437
111
A B C D E
4 Lead 206 606 4 .860357
4 Lead 208 610 4 .875476
4 Lead 208 614 4 .885053
4 Lead 208 618 4 .880669
4 Lead 208 622 4 .881395
4 Lead 208 626 4 .882586
4 Lead 208 630 4 .880767
4 Lead 208 634 4 .876491
4 Lead 208 606 5 .866072
4 Lead 206 610 5 .878758
4 Lead 208 614 5 .880189
4 Lead 206 618 5 .880867
4 Lead 208 622 5 .882800
4 Lead 208 626 5 .879026
4 Lead 208 630 5 .878403
4 Lead 208 634 5 .880766
4 Lead 206 606 6 .868816
4 Lead 206 610 6 .878138
4 Lead 208 614 6 .883522
4 Lead 208 618 6 .878319
4 Lead 208 622 6 .884930
4 Lead 208 626 6 .882794
4 Lead 208 630 6 .878343
4 Lead 208 634 6 .884261
5 Bismuth 1 404 1 .863251
5 Bismuth 1 410 1 .878049
5 Bismuth 1 416 1 .885224
5 Bismuth 1 422 1 .901076
5 Bismuth 1 428 1 .910272
5 Bismuth 1 431 1 .895411
P G
1.32 6.41
1.40 7.17
1.44 7.22
1.44 8.09
1.45 6.79
1.45 6.75
1.42 6.60
1.41 6.93
1.32 6.41
1.40 7.17
1.44 7.22
1.44 8.09
1.45 6.79
1.45 6.75
1.42 6.60
1.41 6.93
1.32 6.41
1.40 7.17
1.44 7.22
1.44 8.09
1.45 6.79
1.45 6.75
1.42 6.60
1.41 6.93
1.32 17.43
1.59 9.84
1.59 9.52
1.50 8.31
1.47 8.71
1.50 12.12
H I
6.92
7.06 %
6.63 68
7.13 69
6.92 69
6.83 69
6.97 69
6.84 68
6.92
7.06 %
6.63 68
7.13 69
6.92 69
6.83 69
6.97 69
6.84 68
6.92
7.06 3
6.63 68
7.13 69
6.92 69
6.83 69
6.97 69
6.84 68
10.80 66
8.31 72
8.52 73
8.14 71
8.17 70
11.16 73
J
2.9764
2.5773
2.3270
2.4193
2.4474
2.4169
2.4657
2.5548
2.8767
2.5395
2.4852
2.4561
2.4S52
2.5445
2.5645
2.4930
2.8354
2.5806
2.4309
2.5438
2.4301
2.4796
2.5921
2.4349
3.1923
2.8125
2.6260
2.2111
1.9441
2.3459 112
A B C D E
5 Bismuth 1 437 1 .902077
5 Bismuth 1 443 1 .882564
3 Bismuth 1 449 1 .868966
5 Bismuth 1 462 1 .900598
5 Bismuth 1 465 1 .869599
5 Bismuth 1 471 1 .886312
5 Bismuth 1 404 2 .875197
5 Bismuth 1 410 2 .893572
5 Bismuth 1 416 2 .887892
5 Bismuth 1 422 2 .915368
5 Bismuth 1 428 2 .903652
5 Bismuth 1 431 2 .869362
5 Bismuth 1 437 2 .912641
5 Bismuth 1 443 2 .883456
5 Bismuth 1 449 2 .877066
5 Bismuth 1 462 2 .895971
5 Bismuth 1 465 2 .876440
5 Bismuth 1 471 2 .892233
5 Bismuth 1 404 3 .877297
3 Bismuth 1 410 3 .898323
5 Bismuth 1 416 3 .886286
5 Bismuth 1 422 3 .910952
5 Bismuth 1 428 3 .899313
5 Bismuth 1 431 3 .894673
5 Bismuth 1 437 3 .918795
5 Bismuth 1 443 3 .888971
5 Bismuth 1 449 3 .877955
5 Bismuth 1 462 3 .910288
5 Bismuth 1 465 3 .833409
5 Bismuth 1 471 3 .888137
P G H I J
.52 9.39 10.05 72 2.2044
.55 12.36 12.24 73 2.7232
.54 11.38 11.34 73 3.1169
.32
.3°
8.36
10.74
9.57
10.31 %
69
2.2596
3.O871
2.6040.43 10.51 9.77
.32 17.43 10.80 66 2.9405
.59 9.84 8.31 72 2.4655
.59 9.52 8.52 73 2.6437
.50 8.31 8.14 71 1.9122
.47 8.71 8.17 70 2.2178
.50 12.12 11.16 73 2.4123
.52 9.39 10.05 72 2.0080
.55 12.36 12.24 73 2.7913
.54 11.38 11.34 73 2.9771
2.4810
2.9839
.32
.3°
8.36
10.74
9.57
10.31 %
.43 10.51 9.77 69 2.5306
.32 17.43 10.80 66 2.9129
.59 9.84 8.31 72 2.3651
.59 9.52 8.52 73 2.7216
.50 8.31 8.14 71 2.0646
.47 8.71 8.17 70 2.37°2
2.4918.50 12.12 11.16 73
.52 9.39 10.05 72 1.8736
.55 12.36 12.24 73 2.6608
.54 11.38 11.34 73 2.9843
• 32 8.36 9.57 67 2.1190
.3° 10.74 10.31 68 2.8176
.43 10.51 9.77 69 2.6783
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VJ1
VJ1
VJ1
VJ1
 V
J1
U1
 
VJI
 VJ
1 V
J1
\J
1 
\J1 
VJ1
 V
J1
VJ
1U
1 
\J1 
\J1 
VJ
lU
lV
Jl
SJ
lV
Jl
VJ
UJ
tU
UJ
lV
Jl
'J
lV
Jl
A B
Bismuth 
Bismuth 
Bismuth 
Bismuth 
Bismuth 
Bismuth 
Bismuth 
Bismuth 
Bismuth 
Bismuth 
Bismuth 
Bismuth
Bismuth 
Bismuth 
Bismuth 
Bismuth 
Bismuth 
Bismuth 
Bismuth 
Bismuth 
Bismuth 
Bismuth 
Bismuth 
Bismuth
Bismuth 
Bismuth 
Bismuth 
Bismuth 
Bismuth 
Bismuth
D , E
4 .880915
4 .898203
4 .886792
4 .913992
4 .892242
4 .895516
4 .919484
4 .889942
4 .882674
4 .911912
4 .885745
4 .892149
5 .889543
5 .898986
5 .886123
5 .913422
5 .890897
5 .895732
5 .918538
5 .890791
5 .887240
5 .907785
5 .886749
5 .894810
6 .891963
6 .898404
6 .886309
6 .910985
6 .892387
6 .899081
c
404
410
416
422
428
431
437
443
449
462
465
471
404
410
416
422
428
431
437
443
449
462
465
471
404
410
416
422
428
431
p G H I J
1.32 17.43 10.80 66 2.8399
1.59 9.84 8.31 72 2.3985
1.59 9.52 8.52 73 2.7194
1.50 8.31 8.14 71 2.0116
1.47 8.71 8.17 70 2.5981
1.50 12.12 11.16 73 2.4§84
1.52 9.39 10.05 72 1.8847
1.55 12.36 12.24 73 2.6708
1.54 11.38 11.34 73 2.8798
1.32 8.36 9.57 % 2.10461.30 10.74 10.31 68 2.7817
1.43 10.51 9.77 69 2.5955
1.32 17.43 10.80 66 2.6387
1.59 9.84 8.31 72 2.4193
1.59 9.52 8.52 73 2.7994
1.50
1.47 i-318.71
8.14
8.17
71
70
2.0695
2.6788
1.50 12.12 11.16 73 2.5351
1.52 9.39 10.05 72 1.9525
1.55 12.36 12.24 73 2.6898
1.54 11.38 11.34 73 2.7932
1.32 8.36 9.57 67 2.2594
1.30 10.74 10.31 68 2.7961
1.43 10.51 9.77 69 2.5638
1.32 17.43 10.80 66 2.5976
1.59 9.84 8.31 72 2.4623
1.59 9.52 8.52 73 2.8210
1.50 8.31 8.14 71 2.1626
1.47 8.71 8.17 70 2.6637
1.50 12.12 11.16 73 2.4689
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vj
iu
iu
i 
ui
\ji
 vj
i v
ji 
vji
vn 
vji
 
vji
 v
ji
oi
 vj
i v
ji 
vji
 vj
i 
ui
 u
i 
vji
 vj
i v
_n 
vn
A B
Bismuth 1 
Bismuth 1 
Bismuth 1 
Bismuth 1 
Bismuth 1 
Bismuth 1
Bismuth 2 
Bismuth 2 
Bismuth 2 
Bisnpth 2 
Bismuth 2 
Bismuth 2 
Bismuth 2
Bismuth 2 
Bismuth 2 
Bismuth 2 
Bismuth 2 
Bismuth 2 
Bismuth 2 
Bismuth 2
Bismuth 2 
Bismuth 2 
Bismuth 2 
Bismuth 2 
Bismuth 2 
Bismuth 2 
Bismuth 2
Bismuth 2 
Bismuth 2 
Bismuth 2
c D
437 6
443 6
449 6
462 6
465 6
471 6
400 1
406 1
433 1
439 1
445 1
452 1
467 1
400 2
406 2
433 2
439 2
445 2
452 2
467 2
400 3
406 3
433 3
439 3
445 3
452 3
467 3
400 4
406 4
433 4
£
.917831
.893794
.890421
.904328
.888742
.895128
.877831
.868796
.915031
.893605
.872204
.894070
.877968
.879444
.887861
.906883
.890141
.876481
.891638
.883593
.887243
.883445
.901674.
.894938
.887411
.888762
.887969
.890137
.895946
.897674
1 0 H I J
52 9.39 10.05 72 1.9982
55 12.36 12.24 73 2.6323
54 11.38 11.34 73 2.7303
32 8.36 9.57 67 2.38II
30 10.74 10.31 68 2.7667
43 10.51 9.77 69 2.5817
27 11.31 11.02 65 2.8517
35 12.14 12.46 67 3.1209
51 12.01 10.30 73 1.7912
52 11.19 10.22 73 2.3948
55 12.14 11.27 73 3.0057
31 11.90 11.23 67 2.3873
36 9.45 10.17 69 2.8770
27 11.31 11.02 65 2.8993
35 12.14 12.46 67 2.6703
51 12.01 10.30 73 2.1053
52 11.19 10.22 73 2.5850
55 12.14 11.27 73 2.9764
31 11.90 11.23 67 2.5500
36 9.45 10.17 69 2.8103
27 11.31 11.02 65 2.7106
35 12.14 12.46 67 2.8276
51 12.01 10.30 73 2.1806
52 11.19 10.22 73 2.4830
55 12.14 11.27 73 2.6979
31 11.90 11.23 67 2.6614
36 9.45 10.17 69 2.7190
27 11.31 11.02 65 2.6594
35 12.14 12.46 67 2.5066
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